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1HE PtmOCHEMISTRY OF DINITROGEN PENTOXIDE 

Peter Steele Connell 

Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory and Department of Chemistry, 

University of California, Berkeley, California 94720 

ABSTRACT 

This study examined the gas phase photochemistry and thermal 

decomposition kinetics of dinitrogen pentoxide, N2o5. The products of 

photodecomposition and the quantum yield as a function of pressure have 

been determined at a wavelength of 254 nm. The rate of thermal decompo

sition of N2o5 in the presence of excess NO has been observed between 

4 x 1014 to 2.8 x 1019 molecules cm- 3 and 262 to 307 K. 

The investigation was conducted by monitoring the infrared ab

sorptions of N2o5, N02 and HN03. Absorption cross sections for these 

species were experimentally determined. The techniques used included 

closed cell decay profiles, with and without photolyzing light, constant 

illumination of flow systems and modulation of species in a flow system 

with intermittent photolytic illumination. 

The thermal decomposition of N2o5 in the presence of NO proceeds 

by the mechanism 
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for which the rate is controlled by the rate of the first step, the 

unimolecular decomposition of N2o5. At low pressure the reaction be

comes second-order with respect to the total pressure. Measurements 

16 -3 made in nitrogen, for which [N2) < 2 x 10 molecule em , give an 

expression for the second-order low pressure limit 

268 to 307K k' = 8.05 x 10-6 exp(-9630 ± 200/T) cm3molec- 1sec- 1. 
0 

At sufficiently high pressure, the reaction is strictly first-order. The 

experimental indication obtained for the high pressure limit of the rate 

constant is 

262 to 272 K k = 1. 78 x 1017 exp(-12540 ± 200/T) sec-l 
00 

The behavior of the rate constant for thermal decomposition in the fall-

off region between the high and low pressure limits is adequately de

scribed over the temperature range 262 to 307 K by the expression 

k = 
-(k I [M]+k) + ((k ! [M]+k ) 2 + 22k k I [M]) 112. 

0 00 0 00 ooo 

11 

These expressions can be combined with the equilibrium constant, 

measured by Graham, 27 to give the third and second-order limits of the 

reverse reaction 

The values are 

and 
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The low pressure limit obtained is in good agreement with the 

earlier work of Johnston and Perrine7 and Johnston. 8 The activation 

energy in the high pressure limit is larger than the estimate of Mills 

and Johnston6 of 10570 K and implies a small positive activation energy 

for the recombination reaction of N02 AND N03 at high pressure. The 

predicted high pressure limit of the dissociation rate constant at 300 K 

about one half the value reported by Mills and Johnston. 

Experiments in which N2o5 was photolyzed by 254 nm radiation ln 

the presence of nitrogen or oxygen buffer showed the primary photolytic 

step to be 

The quantum yield is a function of both N2o5 and buffer gas pressure and 

of the rates of secondary reactions. The suggested mechanism in the 

absence of secondary reactions is 

N2o5* + N2o5 zN2o5 
~ ZNo2 + o 

The ratio of self-quenching to collisionally activated decomposition is 

2.2. If the sum of these two processes is considered collisional, the 

collision-free lifetime of the excited N205* is 6 x 10-6 sec. Quenching 

by nitrogen and oxygen is about 104 less efficient than quenching by 
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From experlinental upper llinits to N2o5 concentrations in the 

stratosphere and standard air density values, the quantum yield for 

N2o5 
photolysis in the stratosphere is calculated to be greater than 

0.9 above 20 km and essentially unity throughout the region of maximum 

N2o5 concentration. 
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I. INTRODUCTION 

Recent interest in nitrogen oxides as tropospheric1 and strato

spheric2 pollutants has created a need for laboratory measurements of 

kinetic and photolytic parameters associated with the reactions of these 

species (NO, N02, N03, N2o5, ... ).The thermal decomposition of dinitrogen 

pent oxide 
(1) 

has historically been studied as an example of a true tmimolecular re

action with which to test various kinetic theories. 3 These measured 

decomposition rate constants can also be used in an atmospheric model to 

predict distributions of N2o5 and N03 in the stratosphere. The atmos

pheric role of N2o5 is to provide a temporary sink for the more active 

forms of NOX, which participate in controlling ozone concentrations. 

In addition to thermal decomposition, N2o5 exhibits a continuous 

absorption in the ultraviolet spectral region, which begins at around 

380 nm and increases smoothly with decreasing wavelength, showing no 

maximum above 210 nm. The photochemistry of this absorption may con

tribute to limiting the lifetime of N2o5 in the stratosphere and to pos-

sible reduction of ozone by the mechanism 

N02 + 03 N03 + 02 
N02 + N03 

M~ Nzos 
(2) 

Nzos + hv NO + N02 + oz 

NO+ 03 N02 + 

net: 203 302 
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A. THERMAL DECOMPOSITION 

The technique used to study this process originated in the ob-

servation a reaction between nitric oxide and dinitrogen pent-

oxide to yield nitrogen dioxide. 4 Smith and Daniels5 proposed the 

mechanism. 

(3) 

in which the NO acts as a fast scavenger for the N03 produced in the 

decomposition of N2o5, preventing its recombination with N02. Thus, at 

least initially, the observed rate of N2o5 disappearance in the presence 

of NO is that of the slow unimolecular decomposition of N2o5. Mills and 

Johnston6 employed this scheme, monitoring the appearance of the product, 

N02, optically to study the reaction over a range of pressures from 

0.011 to 933 kPa at 300 K, and at a few pressures at 273, 277 and 313 K. 

Their work was refined at low pressures by Johnston and Perrine, 7 

by Johnston8 and Wilson and Johnston, 9 again by optical detection of N02. 

Johnston and Perrine extended the study of the rate of decomposition 

down to a total pressure of 6.7 Pa at 300, 323 and 344 K, obtaining a 

low pressure activation energy. Further work by Wilson and Johnston at 

324 K in the presence of a variety of buffer gases clarified the relative 

activational efficiencies of N2o5, NO, Ar, N2, co2 and SF6• Hisatsune, 

Crawford and Ogg10 followed the decomposition at 7.6 and 53.3 kPa total 

pressure in nitrogen. Using a fast scanning infra-red spectrometer, 

they were able to monitor both the disappearance of N2o5 and the appear

ance of N02 at a few temperatures between 293 and 303 K. 
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Recently Viggiano, et a1. 11 have applied their technique of 

chemical ionization mass spectrometry to observe the decomposition of 

N2o5 in the presence of NO and N2 in a flowing system. They have ex~ 

tended the temperature range of observations from 268 to 379 K, for 

pressures between 1.87 and 46.7 kPa. These are the first data for which 

experimental conditions approach those characteristic of the stratosphere. 

Representative data of the various workers are presented in Fig. 

1 as log k . plotted against log [M], the total effective number denml 

sity. If necessary for the sake of comparison, data have been adjusted 

to common temperatures using reported activation energies. The total 

effective number density is calculated as the effective N2 concentration, 

using the measured relative efficiencies of Johnston. 8 The associated 

activation energies and preexponential factors are listed in Table 1, 

calculated from assumption of the Arrhenius form 

k . ~A exp(-E /T), E inK. un1 a a (4) 

While there is general agreement among the results with respect 

to activation energies, evident disagreement exists between Viggiano, 

et al. and the earlier work over the magnitude of ~i at 300 K. This 

difference of a factor of two or three persists the extrapolation to 

the lower temperatures of the stratosphere. This uncertainty is re-

fleeted in widely differing predicted behavior of N2o5 and N03 atmos-

h . d" "b . 12 p er1c 1str1 UtlOnS. 

The goal of this portion of the present work is to attempt to 

resolve this difference and to provide decomposition rate cox1stants mea-

sured at pressures and temperatures more closely matching actual strato-

spheric conditions. 
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TABLE ONE 

[MJ molecules 
~3 

T K A E K Reference em a 

0.018-3.5 X 1017 300-344 4.9 X 10- 5 9698±300 

0.07-2.5 X 1020 273-300 5.8 X 1014 10570±1000 

0.01-3.5 X 1016 300-323 3. 7 X 10- 5 9191 

Estimate of high 300 1. 77 X 1017 12290 pressure limit 

2 X 1018 293-303 1.26 X 1013 10070 

1.4 X 1019 293-3-3 1.26 X 1014 10570 

0.05-1.2 X 1019 268-370 10520 

Estimate of low 268-370 3.51 X 10-6 9570 
pressure limit 

Estimate of high 268-370 3.17 X 1014 11000 
pressure limit 

a2nd order limit. A in units of cm3 molecule- 1 sec- 1. 

b1st order limit. A in units of sec-1. 

c2nd order intermediate pressure value. A in units of cm3 
molecule-1 sec-1. 

7a 

6b 

13a 

13b 

lOc 

lOc 

11 

lla 

llb 
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B. PHOTOCHEMISTRY OF NzO.s 

Th£ photochemistry of N2o5 in the ultraviolet spectral region 

has been . 14 15 Holmes Dan1els and Murphy. Both experiments 

involved timed photolysis a sealed bulb. Followjng the illumination 

period, progress of the photolysis was monitored by pressure change and 

by visible absorption of the nitrogen dioxide produced, respectively. 

Assuming that the overall photochemical process can be represented as 

(5) 

Holmes and Dru1iels measured a quantum yield of 0.6 at both 273 and 283 K 

under illurnination of wavelengths 265 and 280 nrn. In these experiments 

N2o5 was present at its respective equilibrium vapor pressure (6.87 kPa 

at 273 K). 

Murphy obtained pressure dependent quantum yields varying from 

0.28 to 0.68 at 273 K and 280 nrn. The partial pressure of N2o5 was 

varied from 1.87 to 6.67 kPa in the presence of up to 80 kPa of buffer 

gas. In agreement with the earlier suggestion of Holmes and Daniels, 

Murphy proposes a mechanism involving the production of an oxygen atom 

as a primary photodecomposition product, 

(6) 

The second portion of the present work will attempt to clarify 

thephotochernistry of N2o5. Direct evidence for the primary products of 

photolysis and an understanding the source of apparently pressure 

dependent quantum yields are the experimental goals. These results can 



7 

then be used to study the stratospheric importance of photodecomposition. 

C. THE STRUCTURE ~ THERMOCHEMISTRY OF NzOs 

The well-known thermal dissociation of N2o5 into N02 and N03 in 

addition to the similarity of its IR spectrum to that of N2o4, which 

consists of two fairly unperturbe~ N02 fragments, indicate that N2o5 

should have a c2v structure about a central N-0-N bond. Early electron 

diffraction studies16 suggested a central bond angle of 180°, but the 

large measured dipole of the molecule17 is irreconcilable with the linear 

symmetric structure. A CND0/2 theoretical study18 calculated an equilib

rium bond angle of 148° which can be reconciled with the dipole moment. 

More recent electron diffraction work19 shows that N2o5 exists in the 

gas phase with a nonplanar c2v symmetry. The central angle is 95 ± 3°, 

the end group 0-N-0 angle is 134 ± 9° and the central and terminal N-0 

bonds distances are 1.46 and 1.21 A, resptectively. 

Hisatsune reports a gas phase entropy for N2o5
20 which is con

sistent with a low barrier to internal rotation of the end nitro groups. 
21 His analysis of the IR spectrum supports this conclusion and also 

indicates a very low frequency for the central bond deformation. Assign
-1 ing this deformation with a frequency of about 85 em , to match observed 

overtone spacings, he calculates about a 1. 9 kcal/mole barrier to in-

ternal rotation, to match the entropy. 

The heats of formation of N2o5 and its possible photodecomposi

tion products can be used to calculate wavelength cutoffs for the possi

ble channels. The values used were 



8 

~98 
N205 3.1 kcal/mole 

N0
2 

8.1 

N0
3 

17.6 (7) 

NO 21.6 

0 59.4 . 

The calculated maximum wavelengths for photolysis are 

Products Cutoff 

N0
2 

+ N0
3 

1300 nm 

N0
2 

+ N0
2 

+ 0 401 nm (8) 

NO + N0
2 

+ 0
2 

1125 nm . 

The ultraviolet absorption spectrum commences around 380 nm so that all 

three possibilities are energetically allowed. 
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II. EXPERIMENTAL METiiODS AND APPARATUS 

A. METHODS 

Most of the experimental work to be described is based on the 

monitoring in situ of the 1250 cm- 1 IR absorption of N2o5. The chief 

advantages of this choice are first that the band is only slightly over-

lapped by the associated nitric acid absorption (an ever present contam

inant), as opposed to the 1750 cm-1 band observed by Hisatsune, et a1!0 

Secondly it exhibits Beer's Law behavior over a wide range of total pres
-1 sures, unlike, for example, the 1600 em band of N02. 

1. Thermal Decomposition 

For the study of the thermal decomposition of N2o5 the standard 

mechanism was employed, involving the addition of excess NO to the mix-

ture of N2o5 and the buffer gas, N2. The complete mechanism involves 

the four elementary reactions, 

N 0 A (M~ NO + NO 
2 5 2 3 

NOz + N03 B (M~ NZOS 

e N0
2 

+ N0
3 

) NO + N0
2 

+ o
2 

NO + NO 
3 

N0
2 

+ NO 
2 

, 

(9) 

While the NO concentration is larger than that of N02, reaction f, the 

scavenging of N03 by NO, is much faster than the recombination reaction, 

B. In addition, the steady state concentration of N03 is depressed so 

that reaction e, the rate determining step in the medium to high pressure 

decomposition of pure N2o5
22 also negligible. The complete rate 
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(
e[N02] + f[NO] ) 

A [NZOS] (B+e) [NOz] + f[ND] ' 

reduces, for [N02] < f[NO]/(B[M] +e), to the rate of reaction A. 

(10) 

The choice of monitoring the first order decay of the absorbance 

of N2o5 rather than the appearance of N02, as in earlier studies, offers 

several advantages. The necessity of knowing either the absolute initial 

N2o5 concentration or the N02 absorbance after the reaction has proceeded 

to completion is eliminated. Measurements can be extended to the strato-

spheric pressure and temperature regime for which reaction half times be-

come large. Additionally, a convenient solution to the problem of het-

erogeneous contributions to the reaction rate is made possible. 

Two recongnized heterogeneous reactions must be considered. The 

rate constants of 

(11) 

and 

(12) 

are negligibly small in the gas phase 23 , 24 but are known to occur via 

h h 25 eterogeneous pat ways. If the appearance of N02 is used as a measure 

of the extent of reaction, the complication of reaction 11 will either 

cause positive curvature in the semilog plot of N2o5 concentration vs, 

time, if the initial N2o5 concentration is measured independently, or 

result in an empirical rate constant which the sum of the homogeneous 

and heterogeneous pathways. The effect of reaction 12 would depend on 
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the stoichiometry the process and on the concentrations of NO and 

HN039 but it would m general serve to increase the apparent decomposi

tion rate constant, 

When the deconrposition reaction is monitored by the direct ob-

servation of the loss of the reactant, N2o5, processes which produce N02 
without of N2o5 are not observed. Ffhe heterogeneous loss of N2o5 to 

form acid can be minimized through drying of the gases and condi-

tioning of the celL The remaining heterogeneous loss rate can be mea-

sured by observing the decay of N2o5 in the absence of NO, The homogen-

26 eous rate constant for thermal decomposition of pure N2o5 is small and 

can be corrected for. The value obtained is then subtracted from the 

measured N2o5-No rate constant to find the homogeneous component. 

2. Photochemist£Y 

The study of the photochemistry of dinitrogen pentoxide was con

ducted using several static and dynamic methods, These include reactant 

loss profiles in a closed cell under conditions of constant illumination 

and monitoring of the approach to a photochemical steady state in a flow

ing system. A molecular modulation study of the infrared absorptions of 

N2o5 and N02 in a flowing system subjected to intermittent illumination 

probed their respective roles in the photochemical mechanism. 

The study of reactions in chemical systems involving NO com
x 

pounds is usually obstructed by fast secondary reactions which obscure 

the kinetics of interest. The various experiments performed were in-

tended to luminate selected aspects of the photochemistry by minimizing 

areas of interference and enhancing the desired reactions. Consider one 



(of the more simple) possibilities for a reaction set: 

j 
N205 + hv N0

2 
+ N0

3 

N205 N0
2 

+ N0
3 

N0
2 

+ N0
3 ~NO . 2 5 

J 
N0

2 
+ hv NO+ 0 

(13) 
NO + N0

3 N0
2 

+ N0
2 

N0
2 

+ 0 m 
) NO + 0

2 

N0
3 

+ 0 N02 + 02 

N02 + N0
3 

NO + N0
2 + 02. 

Th . f N 0 .th t . 1 15 ~ 27 , 28 d b e react1on o 2 5 w1 oxygen a oms 1s very s ow an can e 

ignored. The photolysis of N02 is unavoidable since it absorbs light 

with decomposition over the same region of the ultrav1olet spectrum as 

N2o5. However, at a sufficiently low temperature and pressure, the ther

mal decomposition and recombination reactions can be made slower than 

photolysis. The observed rate of N2o5 decay will then be primarily the 

rate of photodecornposition. Knowledge of the incident light intensity 

and absorption cross section allows calculation of the primary quantum 

yield, 

(14) 

A series of experlinents at total pressures around 0.13 kPa at 252 K in a 

closed cell under constant illumination gave this information. Because 

the secondary reactions have been suppressed, the quantum yield of the 

reactant decay is independent of the photolytic products, 
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The mechanism outlined above is the first of three possibilities, 

based on three sets of primary photodecomposition products. Tbe second 

11ows production of atomic oxygen, 0(3P): 

j 
N

2
o

5 
+ hv N0

2 
+ N0

2 
+ 0 

N205 + A[M);, N02 + N03 

+NO~ NO 3 2 5 

NO z + 0 m > NO + 0 
2 

NO + N0
3 
~~ N02 + N02 

J 
N0

2 
+ hv NO + 0 

N0
3 

+ 0 n > N0
2 

+ o
2 

'Ibe third possible mechanism is: 

j 
NO + N0

2 
+ 0

2 

A[MJ;:, NO + NO 
2 3 

+NO B[M]., N 0 
3 .-- 2 5 

J 
N0

2 
+ hv NO + 0 

NO + 0 
m 

NO + 0
2 2 

N0
3 

+ 0 
n 

) N0
2 

+ 0
2 

N0
2 

+ N0
3 

NO + N0
2 + oz. 

These two cases produce the same net reaction, 

(15) 

(16) 

(17) 

for which the overall quantum yield is twice that of the primary step. 

The first mechanism mentioned results in no net decomposition of N2o5, 



14 

an apparent quantum yield of zero. 

In order to differentiate between the mechanism based on the 

production of oxygen atoms and the mechanism based on the production of 

NO in the photolysis, the reaction of 0 with N02 to yield NO must be 

averted. This is accomplished through use of oxygen rather than n1trogen 

as the buffer gas. Adding the reaction 

(18) 

to mechanism (15) reduces its initial quantum yield from two in the case 

of nitrogen buffer gas to one when oxygen is used. Mechanism (16) will 

not be affected by the use of oxygen. After a period of illumination, 

considering mechanism (15) in oxygen, ozone will build up and the re-

action, 

(19) 

will become important. This reoxidation of N02 to N03 will eventually 

suppress the empiric quantum yield below one, the limit reducing 

to zero. 

These effects will be observable only if the thermal decomposi

tion rate is competitive with the photolytic rate, so that the interme

diate, NO, can find an N03 with which to react. Static cell runs in N2 

and o2 at 101 kPa (1 atm) and 295 K were performed in a manner similar 

to the 252 K experiments described above, in order to test the proposed 

differentiation the use of the two buffer gases. Additional exper-

iments at an intermediate temperature (273 K) with a closed cell and at 

267 K with reactant ill a carrier gas flowing through the cell under 
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constant illumination were accumulated. Interpretation of these results 

requires consideration of several secondary reactions and rate constants. 

These experiments are meant to provide an additional validation of the 

hypothesized mechanism. 

The final set of photolysis experiments involve a system of 

regulated flow of N2o5 1n a carrier gas through the cell under inter

mittent illumination. The chemical system's response to the low fre-

quency square wave (on/off) illumination by the germicidal photolysis 

larr~s is monitored in the frequency domain. The averaged result of many 

cycles is equivalent to the signal-averaged transient response of the 

system to perturbations from a steady state condition maintained by flow 

and photolysis. The observable quantities obtained from electronic 

processing of the signal are the magnitudes of the in-phase and quadrature 

components of the first harmonic of the modulated absorption. These are 

expressed as a modulation amplitude and phase angle with respect to the 

photolysis light for the species of interest. 

In simple systems, approximate analytic expressions can be de

rived for phase angle and modulation amplitude in terms of rate constants, 

concentrations and flashing frequency. 29The square wave photolysis func-

tion is expressed as a Fourier expansion, 

00 

I (t) = (I0/2) + (ZI0 /rr) I (1/n) sin(2mft) 
n odd 

(20) 

where t is time, f is the flashing frequency in Hz and r0 is the intensity 

of the light. This is an odd function with phase angles equal to zero by 

definition 

6 "" 0. n 
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From a proposed mechanism, for example, 

N205 + hv NO + N0
2 + 02 

NzDs N0
2 

+ N0
3 

N0
2 

+ N0
3 

B ', 
N205 / 

NO + N0
3 

N0
2 

+ N0
2 (21) 

N205 
F/V, (flow out) 

N0
2 

F/V, (flow out) 

(flow in) N205' 

the rate expression for [Nz05] can be derived. This expression, 

(22) 

consists of chemical, flow and modulated photolytic terms. In this sys-

tem NO and N03 are both low concentration intermediates, for which quasi

steady state solutions, 

and 

are reasonable approximations. (Thls is not really true for [NO]). 

Substituting [N03]
5

s into the rate expression for [N205] gives 

00 

= 2[N 0] ci + ~ I lsin(Zmft)) + 
2 5 2 TI n odd n 

Flow term. (25) 
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TI1e flow tenn cancels the steady state illumination tenn, j /2, leaving 

only the modulated term. Tile equation can be integrated analytically if 

considered to be independent of time to the first order. Since 

1nodulation amplitudes are typically smaller than 10- 3 this is a suffi-

ciently good approximation. Tile modulated component of the N2o5 concen

tration 1s 

2" 
(X) 

1 
(NzOL J d = f [N205] ( I - 2 cos (2nnft)) 

::> mo 'IT~f ss n odd n 

(X) 

l 2 sin (Zmft + 'IT /2)) , 2" I "' 7t [Nz0sJ ss ( 
n odd n 

(26) 

A similar treatment for [N02] results in the expression 

= 2L [N 0 ] ~ l sin (2mft - 2!.2 ) . ~2f 2 5 ss L 2 " n odd n 
(27) 

Tile concentration of both of these species is modulated in a triangular 

fashion, the N2o5 leading the light by 90° and the N02 laggli1g it by 90°, 

The factor of two in the expression for [N2o5]mod and of three in that 

for [N02] d arise from the approximation that reactions B and f occur mo 

rapidly after production of an NO in the photolysis. Tilis is the meaning 

of the steady state assumptions for NO and N03. In this simplified treat

ment the modulation amplitudes are directly proportional to the light 

intensity, quantum yield and steady state N2o5 concentration and inversely 

proportional to the flashing frequency, 

The phase angle of a species related to its role in the chem-

ical mechanism. Intermediates that are produced and destroyed by 
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processes that are fast compared to the flashing frequency, such as NO 

in the exarr~le above, exhibit a rapid buildup to a steady state concen-

tration when the light is switched on and a rapid decay to zero when it 

is turned off. The phase angle is then near zero, since the concentra-

tion of this fast interrnediate closely follows the photolyzing light. 

The concentration of a primary reactant which is destroyed by photolysis 

and replenished by flow will decay slowly while the light is on and in-

crease slowly while is off, oscillating about a steady state level 

controlled by the photolytic and flow processes. The first hannonic of 

this concentration modulation will therefore appear to lead the lamps by 

a phase angle goo (o"' + goo). A stable product of a primary photolytic 

step behaves oppositely, lagging the light by 90° (o =- 90°). The comn 

plete interpretation of phase angle in terms of participation in the 

mechanism is represented diagrammatically in Fig. 2. 

The concentration modulation of a particular species is monitored 

in the present work by absorption spectroscopy in the infrared region. 

If the spectral feature observed obeys the Beer-Lambert law for absorp

tion of light, the transmitted intensity of the spectroscopic beam passing 

through the reaction cell a function of the incident intensity, the 

pathlength traversed, the number density of the absorber and its absorp-

tion cross section, 

I = I exp(- o cl). 
0 

(28) 

Small concentration fluctuations initiated by intermittent photolysis 

cause intensity fluctuations of the spectroscopic beam. 

I + 61 = I
0 

exp ( -o 1 (c + i'lc)). (29) 
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So 

I + 6.II I = exp (-a 6cl), (30) 

and a 6cl is small compared to one, a truncated series expansion can 

be substituted for the exponential term, 

I + 6.I I I ""' 1 - a 6.cL (31) 

Finally, 

6.1 I I ""' a 6cl. (32) 

Lock-in amplification of the transmitted signal, I, yields the 

experimental observables, I, a and b, the in-phase and quadrature ampli-

tud.es. Then, properly normalized, 

(33) 

and 
-1 o =tan (b/a). (34) 

If a 1 are known, 6c can be calculated from 6!. For a reactant or 

species, for which modulation amplitude is small compared to 

steady state concdi1tration (6c/c ;;;;: 10- 3), the maximum modulation 

nal obtained when the steady state optical density, acl, is one. 

Exact analytical expressions for the complete chemical mechanism 

cm1 not general be derived. Instead, highly accurate numerical solu-

tions are generated by the CHEMK package. 30 This application of the 

Gear method of numerically integrating a set of stiff differential equa-

tions uses the complete set of differential rate expressions describing 

the complete chemical system to generate the concentration as a function 

of time for each species. The Fourier coefficients of the expansion of 
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dc/dt are calculated from the Taylor series coefficients provided by the 

Cear package and compared to the experimental results. 

B. APPARATUS 

1. Reaction Cell Control 

The reaction cell used in this work consists of a quartz cylinder, 

28.0 em in inside diameter, encased in nickel-plated stainless steel end

caps. The tube is sealed into the endcaps with silicone a-rings, to 

allow operation at 250 K and below. The base pathlength of the cell lS 

maintained at 1 meterwith Kovar struts connecting the endcaps. Three ln

temally positioned gold-surfaced mirrors are mounted in the endcaps m a 

~Vhite cell arrangement. A fine external adjustment screw selects path

lengths from four to thirty-two meters, The volume of the cell is 63.0 1 

with a surface to volume ratio of 0.175 cm-l 

The cell and bracket structure rests on nylon pads, intended to 

reduce thennal conductivity from the Newport Research vibration isolating 

table on which the cell and all optics are mounted. The cell is surrounded 

on the top and sides by 811 of rigid polyurethane foam sealed by 2" of 

aluminum-backed fiberglass. It is separated from the table by 2" of high 

density closed cell neoprene foam. Temperature control is achieved with 

a finned radiator coil mounted above the cell through which cooling fluid 

circulates. The coil is wrapped with resistive heating wire for fine 

control. The current passing through the wire is varied in a closed loop 

operated by a proportional temperature controller employing a precision 

thermistor as the sensing element. An internally mounted muffin fan cir

culates the air around the celL 
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Methanol is used as the coolant for temperatures below 278 K. 

The coolant is chilled in a Neslab LT9 low temperature circulator and 

pumped to an insulated elevated 22 l surge tank. The flow is maintamed 

both by gravity and siphoning action. For higher temperatures chilled 

water is utilized as the coolant. The temperature is monitored by a 

precision low temperature thermometer as well as four iron-constantan 

thermocouples. Three thermocouples are radially disposed about the 

quartz cell wall, while the fourth is located in a stainless stell thermo

well extending about 30 crn into the cell from one endcap. The temper

ature gradient about the cell, from top to bottom, was less than 0. 5 K at 

all experimental temperatures, 

The schematic diagram of the experiment is shown in Fig. 3. The 

cell is pumped with an oil diffusion pump protected by a liquid nitrogen 

cooled trap. It can be evacuated to pressures less than 0.13 Pa. 

2. Qptical System 

All external optics are enclosed in a plexiglass box purged with 

a stable trickle of nitrogen, to minimize spectral interference from 

water and co2. The light from an Infrared Industries regulated Zxl2 mm 

Nernst glower passes through an American Time Products 400 Hz chopper 

and is focused by a collector mirror through a 6 mm KBr window. This 

window is mounted on the end of an evacuated Pyrex tube through wh1ch the 

source light passes to reach the KBr window mounted in the cell endcap. 

This window and the Pyrex protecting tube are mounted with silicone 

o-rings to permit evacuation, in order to protect the highly hygroscopic 

windows from damage due to condensation during low temperature experiments. 
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In addition the evacuated tube reduces thermal conduction into the cooled 

box. After passing through the cell the light exits through an identical 

double window arrangement to another gold surface collector mirror which 

focuses the Nernst glower image onto the entrance slit of the McPherson 

Model 2051 one meter monochromator. The optical arrangement is such that 

the internal mirrors and the external collector mirror are slightly under

filled, while the monochromator entrance slit is overfilled, in order to 

minimize signal fluctuations due to vibration. The monochromator is 

equipped with order sorting filters and a 150 line/rrun grating, blazed at 

8 microns. 

3. Detector 

The infrared detector is a Santa Barbara Research Center copper

doped germanium photoco11ductor operated at liquid helium temperature 

(4 K). The field of view of the detector is reduced to about 40° by a 

liquid nitrogen cooled shield, to reduce background room temperature 

rad1ation. The cooled detector acts as a 2 Mn resistance and the asso

ciated Johnson noise, as well as shot noise and background radiation, 

comprise the largest unavoidable noise sources in the system. This noise 

is unavoidable because of the wide bandwidth necessary to pass the low 

frequency modulation information carried as sidebands on the 400 Hz car

rier modulation. The peak-to-peak noise level is about 20 ~V against a 

total signal of about 50 mV. The modulation information is present as a 

low frequency ripple of amplitude as small as 2 ~V, necessitating long 

term signal averaging. 



25 

The photoconductive detector is balanced by a metal film resis

tor of approximately equal value, with the circuit biased at 135 V such 

that the detector current provides the maximum signal to noise ratio. 

The detector output, modulated at 400 Hz by the tuning fork chopper, is 

capacitively coupled to an ultra-low noise operatwnal amplifier. The 

preamplifier circuit is shown in Fig. 4, It is mounted as closely as 

possible physically to the detector to reduce plckup. 

4 . ~ignal Pr£~~ssing 

rD1e preamplifier has an overall bandpass of 320-520 Hz at the 

3dB level and operated at a gain of about 600 at 400 Hz, The shorted 

input noise level of 5.8 mV rms referred to the output is small compared 

to the 100 mV rms detector current noise at the output. The signal out

put is on the order of 0 to 12 V AC. 

The signal modulated at the 400 Hz tuning fork frequency to 

remove the chemical modulation information from the low frequency region 

of 1/f electronic noise. The modulation 1.nformation, when present, is 

carried as 400 ± f Hz sidebands, where f is the frequency of the photol

ysis lamps, TI1e low frequency£ Hz signal modulation as well as the higher 

hannon ics of the 400 Hz carrier are removed by bandpass filtering. 

The 400 Hz carrier is rectified by one of two lock- in amplifiers 

operating from the 400 Hz reference supplied by the tuning fork driver, 

In the absence of chemical modulation of the signal, the rectified output 

is passed through integrating filters of variable tline constant, producing 

a DC voltage proportional to the intensity of infrared radiation striking 

the detector, The molecular modulation signal is amplified and rectified 
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by the carr1er demodulator and then split into two parts. The first is 

a DC level with a low frequency AC ripple carrying the modulation infor~ 

mation. The second is smoothed with filters and measured as a DC level 

with a digital voltmeter. This signal is also recorded on the Fabritek 

1074 instrument computer, 

The modulated signal processed by selected low frequency band-

pass filters, which pass the prescribed flashing frequency, e, g, i Hz. 

The resulting signal is amplified and used to drive a Wavetek Model 11 

operated as a voltage controlled oscillator. The 5 kHz center frequency 

corresponds to no signal at the inputs of the dual phase demodulator. 

The f Hz AC signal modulates the Wavetek squa.re wave output frequency up 

or dov.,rn 1n a fashion directly proportional to the amplitude of the AC 

input. It thereby operates as an analog to digital converter. 

Two up/down frequency counters serve as signal averagers. The 

counters are gated by two references generated by the lamp flashing 

driver, one shifted 90° with respect to the other. The in-phase counter 

counts the Wavetek output as an odd function, that is adding counts for 

the first half of the cycle (light on) and subtracting for the second 

half (1 ight off). 'l11e out of phase, or quadrature, counter counts as a:n even 

function, subtracting for the first and fourth qua.drants, and adding the 

second and third. Since both counters operate up and down for equal 

penods during a cycle, random noise, being uncorrelated with the photol

ysis lamps, averages to zero. Any signal with frequency components at 

the flashing frequency w1ll produce a net signal. 

The gating references to the counters must be exact to avoid 

biasing the signal. The reference pulses are generated by dividing down 
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the output of a crystal oscillator to give a square wave signal at fre-

quencies which are multiples of 0.306 Hz. Most of the molecular modula-

tion work was carried out at a nominal flashing frequency of 0,25 HZ. 

For this case the divided oscillator output at L 22 Hz 1s divided by two 

twice to produce a square wave signal at 0.306 Hz, used to gate the in 

phase counter and connected optoelectronically to the lamp power supply 

to flash the lamps. The optoelectronic coupling is necessary to prevent 

the power supply switching from appearing as signal in the dual phase de

modulator, The 0.306 Hz and the 0.612 Hz frequencies from the oscillator 

are fed to an exclusive OR gate to produce the quadrature reference, 

After a selected number of cycles, the contents of the counters 

are punched on a paper tape in BCD code for later interpretation, the 

counters are zeroed and the experiment repeated. The value in the in-

phase counter is proportional to the amplitude of the sine (odd) compo-

nent of the modulation signal, Similarly the out-of-phase counter total 

is proportional to the cosine component, The modulation amplitude is 

61/ I a (a2 
+ b2) l/Z I OC output of the carrier 

demodulator, (35) 

The phase angle is 

-1 
¢ "" tan (b/a), (36) 

The proportionality factor for the amplitude expression is determined by 

measuring the number of counts obtained for an input signal of known mod-

ulation amplitude. 

The coefficients for the full Fourier expansion of a concentra-

tion profile all contain kinetic information, but are usually reduced in 
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magnitude compared to the first harmonic. For example the next higher 

harmonic, the third, in the triangular waveform expected for N2o5 has a 

coefficient 1/32 or a factor of nine smaller than the first. Since the 

noise is usually large in these experiments the higher harmonics are lost. 

Consequently the signals are filtered to remove the higher harmonics and 

slinplify the interpretation of the results. TI1e low frequency bandpass 

, centered on the frequency of the fundamental, also reduce the 

random noise. The carrier lock- cancels the even harmonics, while the 

filters reduce the third harmonic by a factor of six. The square wave 

nature of the demodulation switching reduces it by a further factor of 

three, so that overall the third harmonic for N2o5 would be diminished by 

1/162. All higher harmonics are also negligible. 

The filtering, however, produces phase shifts in the modulation 

signal which are a function of frequency. In addition a proportionality 

factor is needed to relate the rms counts per volt of DC signal to the 

amplitude of intensity modulation. A modulation standard is used to pro-

vide these values. 

The circuit shown in Fig. 5 produces as square wave modulation 

amplitude of 2 x 10- 3 with a phase shift of 0° on the 400 Hz carrier pro-

vided by the tuning fork reference. The output of this circuit is sub-

jected to all signal processing. The relative amplitude of the first 

harmonic of the square wave is 4 /n x 10- 3. At each flashing frequency to 

be used the number of counts per volt for an amplitude of 4 /n x 10- 3 is 

measured. The measured phase angle provides a subtractive correction at 

that frequency to accow1t for electronic phase shifting of the input 

signal. 
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The lockin output in a DC experiment is monitored on a digital 

voltmeter and recorded with a Fabritek 1074 hardwired signal averagero 

The analog signal is smoothed with a variable time constant integrating 

filter m1d digitized and stored at preset intervals by a 12 bit A-D. All 

or part of the 4K of 18 bit words in memory can be filled. Long term 

storage of spectra possible by transferring the data through a PDP 8/L 

computer interfaced to the Fabritek, via an interprocessor buffer to a 

PDP 8/E computer and thence to magnetic tape. 

The BCD coded paper tape produced in a modulation experiment is 

read into the 8/L on a high speed paper tape reader and repunched by a 

high speed punch in ASCII code. This tape· is reread by the computer, 

which calculates modulation amplitudes, phase angles and standard devi-

ations. 

The modulation simulation program is run on the CDC 7600 computer 

located at the Lawrence Berkeley Laboratory. A version31 of this program, 

which lacks the Fourier coefficient calculations, was implemented on a 

PDP 11/10 with 24K of 16 bit memory. For systems of up to 20 chemical 

species and 30 reactions it is competitive with the entire process of run

ning a program on the LBL system. 

5. Photolytic Source 

The photolysis lamps employed in these experiments are 30 watt 

GE G30T8 low pressure mercury germicidal lamps. The four lamps are de

ployed symmetrically about the cell at a distance of 8 em from the cell 

wall. The output of these lamps in general includes most of the mercury 

emission lines starting with the 254 nm ultraviolet line and extending 
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into the visible. The visual color of the lamps is blue indicating the 

predominant presence of the 405 and 436 nm lines in the visible. 

Several unwanted phtochemical side reactions may occur as a result of 

the presence of various emission lines. The chief problems are the 

photolysis of N02, which absorbs over the entire region of the mid and 

near ultraviolet and visible, and of N03, which absorbs strongly in the 

yellow-red portion of the visible. 

The thermodynamic cutoff for production of ground state products, 

NO(X 2n) + 0(3P), from the photolysis of N02 occurs at about 398 nm, but 

there is a residual pressure dependent quantum yield for production of 0 

atoms up to 440 nm. 32 The 254 nm line is used to photolyze N2o5 since 

N02 has a fortuitous dip in its absorption cross section in this region. 

The other lines which can interfere by photolyzing N02, the 313, 366 and 

to a certain extent the 405 nm lines, are suppressed by inserting the 

germicidal lrurrps into double-walled concentric quartz jackets, filled 

with an atmosphere of chlorine. The strong chlorine absorption band be

tween 300 and 400 nm diminishes the intensity of these lines while pass

ing the desired 254 nm radiation. The effect of the chlorine filters is 

shown in Fig. 6. The emission of the lamps with and without the filters 

was observed with a McPherson Model 218 0.3 meter monochromator equipped 

with a PAR 1205D optical multichannel analyzer as detector. The spectra 

shown are uncorrected for the spectral response of the OMA, but the rel

ative peak heights with and without the filters show substantial reduc

tion of the unwanted lines. An additional phototube and monochromator 

were used to observe the unfiltered lamp output and showed the intensity 

of the 313 and 366 nm lines to be about 2% of the 254 nm line. The 
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chlorine jackets also serve to maintain the wall temperature of the 

lamps when the cell is cooled, Lamp output has a strong direct propor-

tionality to wall temperature. 

The 577 nm line, which would be active 1n dissociating N03, was 

searched for unsuccessfully, using an RCA 9258 phototube mounted on a 

McPherson 2051 one meter monochromator with a 1200 line/mm grating 

blazed at 300 nm. The next line, at 623 nrn, if present would not be 

h h . 11 . 27,33 p otoc em1ca y act1ve. 

The cell and lamp assembly is surrounded on three sides by Alzak 

reflective aluminum sheets to maximize the photolytic intensity and in

crease the uniformity of light flux across the cell. At room temperature 

the intensity of 254 nm radiation in the cell is about 8 x 1015 

-2 -1 15 2 photons·cm •sec , decreasing with temperature to 3 x 10 photons·cm-
-1 sec at 252 K. 

The lamp electrodes are heated to a red glow by six volt trans-

formers to ensure rapid firing at low temperatures. The lamps are pow-

ered by a 700 V regulated power supply, which can power the lamps con-

tinuously or switch them on and off in response to the low frequency 

reference, 

An EG&G UVlOOB photodiode was used continuously to monitor rel

ative lamp output. A significant and variable portion of the lamp out-

put resides the two blue Hg lines, to which ordinary photodiodes are 

much more sensitive. In order to be sure that only the intensity of thr 

254 nm light contributed, the UV-enhanced photodiode was placed behind 

an interference filter with 12% transmittance at 254 nm and a bandpass 

(FWHM) of about 15 nm. The output of the photodiode is amplified by a 
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factor of 100 with an operational amplifier, the input resistance of the 

amplifier serving as the load resistance for the photodiode. The max

imum photocurrent drawn was kept well within the device's linear re

sponse region. Mounted interna1ly, the photodiode is subject to cooling 

as the cell is cooled. The subsequent increase in responsivity at 254 

mn is about 7% from 300 to 250 K. 

C. GASES AND FLOW SYSTEM 

I1igh dry grade nitrogen and oxygen used in this study were sup

plied by the Lawrence Berkeley Laboratory. The nitrogen passed through 

a particulate filter and a U-tube packed with Linde 3A molecular sieve 

placed in a liquid nitrogen filled dewar in order to remove moisture. 

The oxygen was flowed through a column of 5% palladium on an alumina 

substrate at 620 K to convert hydrocarbon impurities to co2 and water. 

Ascarite and P2o5-coated glass bead columns removed these contaminants, 

The flow was directed through a U-tube packed with silica gel held at 

196 K for further drying, before passing either through the ozonizer or 

to the celL The supplier quotes the following impurity maximums: 

High Dry Nitrogen 

99.999% 

1.5 ppm 

1. 5 ppm 

Sppm 

High Dry Oxygen 

500 ppm 

99.5% 

1.5 ppm· 

10 ppm 

4000 ppm 
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Nitric oxide from the Matheson Compm1y was passed through a 

column of silica gel at 196 K to remove the N02 traces as N2o3. The 

nitric oxide was co11ected at liquid nitrogen temperatures. The pale 

blue product was freeze/thaw pumped and used without further purifica-

tion. 

Nitrogen dioxide of 99.5% purity from the Matheson Company was 

collected at 196 K and then stored under an atmosphere of oxygen for 

several days at room temperature, in order to oxidize residual NO. The 

N02 was then subjected to several freeze/thaw pumping cycles to remove 

the oxygen. The resulting white solid was stored at 196 K. 

Dinitrogen pentoxide was prepared using the method of Schott and 

Davidson. 34 
An oxygen flow, purified in the manner described above, was 

split into two streams. One passed to an Ozone Research and Equipment 

Company ozonator which produced a stream of about 7% ozone in oxygen. 

The other stream was bubbled through liquid N02/N2o4 at 262 K. The 

stream with t,he entrained N02 passes through a flow regulatin~ needle 

valve m1d is mixed with the ozone stream. The exothermicity of the re

action between o3 and N02 warms the Pyrex tubing to the touch for several 

centimeters in the mixing region. The flows are adjusted so that the 

brown color of the nitrogen dioxide is totally absent after the junction 

and ozone can be detected at the exhaust. The flow is then diverted into 

a Pyrex saturator in a dewar at 196 K. 

The needle-shaped white crystals are collected until the N02 in 

the bubbler is exhausted. The oxygen is pumped off and the N2o5 is 

stored at 196 K until use. Warming to 273 K produced no visible N02 and 

spectroscopic exmnination in the IR showed less than 1% N02 and around 
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10% HN03. The HN03 is presumably formed by heterogeneous reaction of 

N2o5 with water on the walls of the manifold and lines. Since the sys-

tem not bakeable the production of HN03 was unavoidable. 

All gas handling took place in a Pyrex line with stainless steel 

greaseless Ultra-Torr fittings. The fittings and the Kontes high-vacuum 

greaseless Teflon and glass bore stopcocks were equipped with Viton 

o-rings, greased with a small amount of Apiezon H, L or N grease. The 

manifold was evacuated with a liquid nitrogen trapped glass oil diffusion 

pump. Gas pressures were measured with a Texas Instruments model 145 

quartz spiral manometer. 

Gases were expanded or flowed into the cell through a disperser 

tube. The disperser tube has holes spaced at 1" intervals on alternate 

sides made such that the pressure drop across the holes is large compared 

to the pressure drop along the tube. An even distribution of gas through

out the cell is thus provided immediately upon filling. The exhaust is 

through a similar tube. The pressure drop through the cell at one atmo

sphere under flowing conditions was about 2 kPa. Flow rates were mea

sured at the cell inlet with Manostat Predictability flowmeters. 

Flowing at low pressures was accomplished with a Granville Philips 

automatic pressure controller. A Pace capacitance manometer measured the 

pressure in the cell to provide feedback for a servo-driven variable leak 

valve at the cell inlet. The exhaust was conducted to a Welch Duo-seal 

mechanical pump. 
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I I I . EXPERIMENTAL PROCEDURES Al\lD DATA 

A. INFRARED 1\BSORPTION CROSS SECTIONS 

Absorption cross sections as functions of opt1cal density and 

temperature for infrared spectral bands of N02 and N2o5 were determined 

as 

o (:\) = ln (I
0 

(:\)/I(:\)) /cl, (37) 

where c is the number density and 1 the pathlength. The spectrometer was 

employed as a single beam instrument, I (:\) being recorded and stored, 
0 

followed by measurement of I(:\) . The baselines of absorption spectra are 

adjusted linearly when necessary to be zero in regions where no species 

absorb. All spectra and sepcies monitoring in kinetic runs were recorded 

at 0. 013 vm resolution. Spectra were scanned at a rate of 0. 08 vm/min 

for N0
2 

and 0.16 vm/min for HN03 and N2o5. Points were recorded at inter

vals of 0.4 sec with a 1 second time constant. The 6.1 - 6.4 vm IR band 

of N02 used in this study exhibits marked dependence on the total pres

sure shown in Fig. 7, presumably a result of pressure broadening of rota-

tional lines. Consequently all N02 optical densities were measured at 1 

atm total pressure. HN03 and N2o5 absorptions were free of pressure 

dependence between L 3 Pa and 1 atm. 

The N02 cross sections were measured by collecting a sample of 

3 purified N02 in a 2 .6 em bulb at room temperature (295 K), recording 

the pressure with the TI spiral manometer and then expanding the sample 

into the cell. Residual N02 in the bulb and lines was entrained into 

the cell with the nitrogen used to bring the total pressure to an atmo-

sphere, Corrections for dimerization of N02 to N2o4 in both the bulb 
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Figure 7. Pressure dependence of the 6.2 urn N02 absorption. 
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were , calculated from the data of Daniels. 

of N02 determined was used in Eq. (37) to calculate 

cross ~ o(\). Figure 8 shows the absorption at 295 K, with 

an 8 meter 9.29 X molecules/ 

rotational distributions. The values of a at 

6. P-branch, given below were obtaj~ed by aver-

data points about 

A 1; A 6.25 )Jlll o(295 K) 9.1 X 
19 2 

~ em /molecule 

o(287 K) - 9, 3 X 10 

9.7xl0-· 19 (38) 
o(268 K) "' 

o(262 K) -19 = 9.8xlO . 

so obtained are dependent on optical density. 

9 a absorption coefficient at 6. 1J1ll versus optical 

at 262 K. The expression, 

was 

by 

t ly 

0 K) - (1.082- 0.10 A) X 10- 18 cm2/molecule (39) 

to concentrations from measured optical densities. 

-19 2 9.6 x 10 em /molecule obtained by 36 , a former 

results, 

similar conditions at 1 atm and room temperature, 

density, is in reasonable agreement with the 

to measure the cross sections of N2o5 
and H:N03 

and Graham37 met with no success. Their tech-

zed flow of N02 and 02, to which added sequen-

in the flowrates, ozone water. The ozone quan-

titatively converts the N02 to N2o5 and the water converts 
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Figure 9. Dependence of the absorption coefficient of N02 at 6.25 urn on optical density at 262 K. 
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HN03. The N02 absorption coefficient, previously measured, and mass 

balance considerations are used to compute the cross sections for N2o5 
and }~03 . The nitric acid formation step relies on an heterogeneous 

reaction, which gave unpredictable results in the present work. 

Instead, it was found that N2o5 could be produced and collected 

while maintaining N02 unpurity levels to less than 1%, and HN03 to a 

relatively reproducible 10-12%. Samples of N2o5 were measured into a 

small bulb at room temperature and then quickly expanded into the cell. 

The region of interest was scanned and the nitric acid present was cor

rected for using the absorption cross sections of Grahma. 37 The cross 

sections of N2o5, measured as the average of three points about 8.028 

~' the center of the Q-branch, show no dependence on total pressure or 

optical density between 0.2 and 3.3 absorbance units. The N2o5 absorp

tion is shown in Fig. 10. The cross section values at 8.028 ~ are: 

0.2 ~A~ 3.3, \:;;;; 8.028 ~ 

o(295 K) = (1. 77 ± 0.05) x 10-18 cm2/molecule 

o(272.5 K) = (1.83± 0.1) x 10-18 (40) 

o(268 K) = (1.91 ± 0.05) x 10- 18 . 

The room temperature value agrees well with the results of both Harker 

and Graham. 11he temperature dependence observed by Graham above room 

temperature also extends in a fairly linear fashion below it. The tem

perature dependence of the NH03 absorption cross section used to correct 

the N2o5 pressure is weak, about a per cent per ten degrees, and because 

of the relative amounts of N2o5 and HN03 in the original sample, an error 

of 5% in the determination of HN03 concentrations will produce an error 
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of less than 1% in the calculation of N205 cross sections. 

Two alternate independent methods were used to check the results 

at various temperatures. In the first a stable flow of Nz05 in a carrier 

gas of either nitrogen or oxygen at atmospheric pressure was established 

at 268 K. Spectra of N02, N2o5 and HN03 were recorded, then. the germi

cidal lamps were turned on and the system was allowed to come to photo-

chemical equilibrium. The change in N02 concentration was calculated 

from the change in absorbance, corrected for dimerization and divided by 

the stoichiometric factor of two from 

(41) 

to obtain the change in N2o5 concentration. The HN03 level remained 

fairly constant. The value of L 90 ± 0.07 x 10-18 cm2 /molecule derived 

by dividing the change in N2o5 absorbance by its calculated change in 

concentration agrees with the values above. 

The second set of independent cross section measurements was 

obtained by measuring the N02 produced during a thermal decomposition 

experiment. In this case the stoichiometric ratio of N02 produced is 

three, 

( 42) 

Again corrections for N02 dimerization and in this case for heteroge

neous loss of N2o5, first order decay that does not produce N02, were 

applied. Cross sections determined in this way were also in agreement 

within experimental error, which is larger for this method because of 

the need to correct for heterogeneous production of HN03. This correc

tion becomes large at low temperatures for which the heterogeneous rate 
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constant. From the initial concentration of N2o5 calculated from the 

N0
2 

produced, and from the measured pressure of the N2o5 sample an esti

mate of the l11\J0:3 concentration can be made o The l11\J0
3 

absorption is 

shown . 11 and cross section is determined as an average of 

three points about 7.605 ]Jffi, the center of the P-branch. Since the 

initial charge of l11\J0
3 

was usually small and the cross section is based 

on the remaining difference of large numbers, the value of 1. 0 ± 0 0 3 xlO -lS 

is a crude estimate, but it falls within experimental error of the value 

of Graham. 

B. THERMAL DECOMPOSITION EXPERIMENTS 

The unimolecular thermal decomposition rate of N2o5 was measured 

in the IR cell as a function of temperature and total pressure. In the 

presence of excess NO, the decomposition reaction is rate determining in 

the scheme; 

N2o5 
+ M A > N02 + N03 + M 

( 43) 
NO + N03 2 N02. 

Since the absorption cross section of N2o5 is independent of optical 

density over the experimental range, the rate constant for reaction A is 

obtained from the slope of the first order plot of ln("\J 0 (t=O)/"\J 0 (t)) 
2 5 2 5 

as a function of time, where A(t) is the absorbance of N2o5 at time t. 

Knowledge of the absolute concentration of N2o5 necessary only in cal-

culation of the total effective pressure. The empirical rate constant is 

free of errors introduced by absorption coefficients or pressure measure-

ments. The total pressure was considered constant over the reaction 
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period, typically because the reactant concentrations were much smaller 

than the total In the lowest pressure experiments in which 

only reactants were used, the efftciency for activation of N2o5 
by 

the products was considered equal to that of the reactants. The simple 

exponential N2o5 decays observed in these experiments indicate th1s to 

be a reasonable assumption. 

Two different reactant mixing methods were used to test the 

possibility of inadequate mixing in the cell. Initially the sample of 

N2o5 was measured into a 273.6 cm3 bulb close to the cell inlet and then 

quickly expanded into the evacuated celL The measured NO sample was 

then expanded into the cell through the same disperser tube, along with 

any buffer gas. The jetting action of the gas expanding from the many 

small holes in the disperser tube was intended to provide turbulent mix-

ing of the reactants. 

To ensure complete mixing, the second method used involved re-

actant mixing at a three-way stopcock external to the cell, Measured 

pressures of N2o5 and NO were placed into bulbs of 80.15 81.74 em 3 

or 5328 and 5442 cm3 displacement. The bulbs were then pressured equally 

with nitrogen and the two mixtures were admitted into the evacuated cell 

through a three-way stopcock, If necessary additional buffer gas was 

added subsequently. In both alternatives to filling the cell an inter

val for mixing was allowed before monitoring of the 8.028 ~ N2o5 absor

bance commenced. Results from the two methods were identical within 

experimental error. 
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When practical the N2o5 decay was followed for two or three 

lives and in almost all cases was characterized by a single exponen-

t Individual empirical decay contants were obtained by a 

linear square fit to the 10 data points, plotted as ln(A /A) vs. 
0 

t, where A(t) = ln (I /I (t)). T'ne standard deviation of the decay cono 

stant, the slope of the semilog plot, was typically smaller than 1%. 

The thennal decomposition constant is the difference between the 

empirical rate constant of N2o5 disappearance in the presence of excess 

NO and the heterogeneous loss rate constant in the absence of NO. This 

constant determined by interspersing runs without added NO. The rate 

constant for decay the pure N2o5 system is corrected for the homoge-

neous contribution of 

N 20 S + M A ) NO 2 + NO 3 
N0

2 
+ N0

3 
e > NO + N0

2 
+ 0

2
• 

(44) 

-5 -1 26 This correction is about 4 x 10 sec at room terrverature and is 

negligible below room temperature. 

The cell was conditioned, or "aged", by exposure to N2o5 and de

conditioned by exposure to other gases, undried gases and leakage from 

the atmosphere. Evacuating the cell between experiments did not affect 

the heterogeneous decay rate constant. In their work on the reaction of 

dinitrogen pentoxide with water, Morris and Niki 23 reported an hetero

geneous loss constant of 6 to 8 x 10- 4 sec-1 in a 67 liter Pyrex condi-

tioned cell. Heterogeneous decay constants in the present work varied 

from 1 x 10- 3 sec- 1 for the initial runs to as low as 7 x 10-S sec-1 

after the cell was well conditioned. 
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A few heterogeneous runs were conducted for which both N
2
o

5 
dis

appearance and HN03 appearance were monitored by alternating the mono

chromator between the respective wavelengths. In these runs, HN03 ap

peared at a rate of 50 to 75% the rate of N2o5 disappearance, indicating 

that a considerable fraction of the HN03 formed remained on the walls. 

The total effective pressure in the cell was calculated from the 

initial values of N2o5, NO and N2 concentrations, determined by applying 

the perfect gas law to the measured pressures in the small bulbs. The 

partial pressures of N2o5 and NO were multiplied by their relative acti

vational efficiencies with respect to N2 of 4.27 and 1.28, as determined 

8 by Johnston. The total pressure is then expressed as the number density 

of nitrogen: 

(45) 

Nitric acid was taken to have the same efficiency as N2o5. 

The data set is given in Table 2 and plotted in Fig. 12. The 

time required to fill the cell with the reactants restricted the observa

tions to rate constants smaller than 10- 2 sec-1. The error in individual 

empirical decay constants, less than 1%, is small compared to the error 

introduced by the determination of the heterogeneous constant. In a 

well conditioned cell, the reproducibility of a particular experimental 
-6 -1 result fell within about 5 x 10 sec , but for most runs the irrepro-

ducibility was on the order of 2 x 10-S sec-1. The errors from this 

largest recognized source of imprecision vary from 1% for fast rate 

constants (high T and P) to about 80% for the slowest measured constants. 

Figure 13 shows a representative plot of the decay of N2o5 in the presence 
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of NO obtained at 287 K. Figure 14 1s the plot of the heterogeneous 

decay of N2o5 in nitrogen at 266 K. 

Several data points at room temperature (297 K) and 268 K were 

also obtained through observation of N02 absorbance in the visible at 

435.6 nm. This work was performed with a Cary 118C UV/Vis spectrometer 

with external optics mated to a stainless steel cell of 8.285 1 volume 

and optical pathlength of 2.95 m. This apparatus, with its associated 

vacuun system and temperature control was constructed by a coworker, 

Gary Selwyn. A run was initiated by preparing a mixture of NO and N2 in 

a 3.03 1 bulb. A sample of N2o5 was measured into a 251.0 cm3 bulb close 

to the cell and admitted to the evacuated cell before irreversible de-

composition to N02 could take place. The NO/N2 mixture was then flushed 

through the N2o5 bulb into the cell. The N02 absorbance as a function 

of time was recorded on a strip chart recorder until the conversion of 

N2o5 to N02 was complete. Since the visible absorption of N02 in this 

region free of dependence on pressure or optical density, 32 the rate 

constant can be calculated from the equation 

( 46) 

Under the experimental conditions corrections for the dimerization of 

No2 were always less than 2% of the total concentration. Figure 15a and 

15b show a representative run at each temperature. The rate constants 

are listed in Table 3 and plotted in Fig. 12 corrected for the 2 K temp-

erature difference. The agreement with the reactant loss data is quite 
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Figure lSa. Experimental N2o5 decomposition curve at 297 K from 
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good. Several data points obtained at higher pressures at room temper-

ature were discarded as anomalously low as a result of inadequate mixing 

the reactants in the cell. 

C. CLOSED CELL PHOTOLYSES 

Photolysis of a chemical species 1n an optically thin cell under 

constant irradiation is a first order process in the absence of compli-

eating secondary reactions. The photolytic rate constant, "j", the 

product the incident intensity, absorption cross section and quantum 

yield, can be measured in the same way as the order deconrposition 

rate constants evaluated above. By proper choice of conditions the 

restriction on the presence of secondary reactions can be made more or 

less applicable for N2o5. 

Experimental procedures were similar to those described in the 

previous section, The cell was evacuated, the transmitted IR intensity 

at 8.028 ~n was recurded amd the photolytic lamps were powered in order 

to allow them to rise to operating temperature and stable UV output. 

output was monitored by the UVlOOB photodiode. The N2o5 was then 

expanded from the 273.6 cm3 bulb into the cell, along with the buffer 

For experiments in oxygen the lamps were turned off during the 

period the was charged with gases, in order to avoid the buildup 

of ozone, which suppresses the photolytic decay by reoxidizing the prod-

ucts to form N2o5. 

1ne optical density at 8.028 urn was followed as a function of 

time using the 12-bit A/D and the Fabritek instrument computer. Light 

intensity was constant or varied slowly in most cases and was recorded 
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by hand. Linear least squares fits to the slope of semilog plots of 

A
0

/A(t) vs. time yield the photodecomposition rate constant. If the 

intensity of the photolysis lamps changes significantly during a run, 

the plot of ln[A
0

/A(t)] was corrected point by point by multiplication 

x=t 
by !final/ fx=O I(x)dx, for which the integrals were obtained numer-

ically. 

The photolytic rate constants were computed from the difference 

of the total decay rate constants and the measured heterogeneous decay 

constants. From the optical density and the previously measured IR 

cross section, the concentration of N2o5 was calculated. TI1e quantum 

yields were calculated by dividing the photolytic rate constant by the 

product of the UV cross section of N2o5 at 254 nm and the absolute light 

intensity. Tile sources of these values will be discussed later. 

The results are presented in Table 4. The runs were character-

ized by linear semilog plots in the nitrogen buffered case, but showed 

pronounced negative curvature with oxygen as the buffer gas. For the 

oxygen runs, the limiting initial slope was calculated, resulting in 

much larger error, since the photolytic lamp intensity changed rapidly 

at the outset of the oxygen runs. 

D. CONSTANT INTENSITY PHOTOLYSIS OF FLOWING SYSTEMS 

A second set of photolysis experiments concerned N2o5, N02 and 

HN03 in a flow system at 101 kPa (1 atmosphere). The concentrations of 

these species were monitored with and without the presence of UV light. 

Again the experiments were conducted in both oxygen and nitrogen in order 

to test for differentiation of the mechanism if oxygen atoms are produced 
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in the primary photolytic step. 

Concentrations were measured at 6.26 urn for N02, 7.6 urn for HN03 

8. 028 11m for N
2
o

5 
the usual way. Light intensity was monitored 

with a photodiode. Table 5 includes the steady state concentrations ob

Figure 16 is a plot of the approach to photochemical equilib-

rium in three sets of experiments in nitrogen and oxygen after 

a steady flow had been established. Since the lamps increase in inten-

as they warm, the abscissa has been adjusted to units of constant 

illumination by numerically integrating the product of the photon flux 

ru1d time, 1ne integral is then expressed as an adjusted time, obtained 

by dividing it by the maximum(final) intensity. All runs were collected 

at 268 K. 

E. l\!'JODULATION EXPERIMENTS 

The modulation experiments provide a general test of our under

standing of the complete photochemical mechanism. The experimental ob

servations of the modulation parameters are compared to predictions of 

phase angles and modulation anrpli tudes based on a detailed computer 

model to identify the model they most closely resemble. By altering the 

experimental conditions of temperature and pressure, correspondence of 

the results with a particular hypothesis can be well established. 

Measurements were made in a flowing system at flashing frequen-

c of 0.306 Hz. The modulation amplitudes of stable reactants and 

products are generally inversely proportional to the flashing frequency, 

and in these experiments signals could not be detected at higher fre

quencies. Two temperatures, 268 and 295 K, and three pressures, 1.72, 
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TABLE FIVE 

M N205 N02 HN03 

A 

Dark N2 l.OOElS 

Light 5.10E14 

Dark 02 LOSE15 

Light 8.40E14 

B 

Dark Nz 9.18El4 1.44E15 6.12E14 

Light 3.33E14 2.60E15 4 .19El4 

Dark oz 8.47E14 4.00E13 L60E14 

Light 6.95E14 3.26E14 1.70E14 

c 

Dark Nz 6.36E14 7. 20El3 1. 90E14 

Light 3.85E14 5.53E14 1. 63El4 

Dark 02 6.64E14 6.47E13 3.7E14 

Light 5.6214 

Units of molecule em 3. 
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Figure 16. Approach to photochemical/flow steady state. 
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6.67 and 101 k:Pa, were studied, using both nitrogen and oxygen as carrier 

gases. Np5 modulation was observed at 8.028 f.Irll, N0
2 

at 6.25 llfll· Obser-~ 

vations at 6.9 f.Irll, where no species absorb, showed no phase coherence, 

showing that the observed modulation signals were of chemical origin. 

Signals were typically averaged for 30 minutes to an hour, re-

sulting in standard deviations of about SO% for the small amplitudes ob-

served. Precision was somewhat better for cases of larger amplitudes. 

Phase angles are to within 5°. The results are listed in Table 6. The 

phase ru1gles for N2o5 fall in the first quadrant, indicative of species 

being photolyzed, while N02 appears at -90°, showing product behavior. 

Ffhe 180° phase difference confirms the reactant-product relationship. 

F. ACTINOMETRY 

Calculation of photolysis quantum yields requires ~owledge of the 

absolute light intensity at the active wavelengths. As noted previously, 

the germicidal lamps are line sources which emit light at various wave-

lengths between 254 nm and the IR. The absorption spectrum of N2o5, to 

be discussed 1n section IV.B.l, is such that absorbs only the de-

sired 254 nm line. N02, 03 and to a small extent N03 however absorb rnany 

of the lines present. The absorption coefficient of N03 at 436 nm is 

sma11, 27 and the contribution of photolysis to the chemical mechanism 

is estimated to be negligible. The cross section of the Chappius band of 

ozone is nearly 104 smaller than its maximum cross section in the Hartley 

region38 so that only its absorption at 254 nm need be considered. 

N02 absorbs the 254, 313, 366, 405 and to a very small extent the 

436 nm light with decomposition to NO + 0. The chlorine lamp filters 
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267 

267 

295 

267 

267 

N205 

3.5 

6.0 

9.0 

1.9 

6.0 

6.0 

a NO a 
2 

1.1 

1.1 

Mb 

2.45 

2.75 

2. 75 

2.45 

0.18 

0.055 

~its of 1014 molecules cm- 3• 
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TABLE SIX 

0
2 

Results 

<P (N2os) o b.I/I 

94 ± 5 (5±2)E-4 

89 ± 5 (2.0±0.6)E-4 

N2 Results 

60 ± 15 (L 2±0. S)E-4 

89± 5 (2.0±0.6)E-4 

83 ± 8 (3 ± l)E-4 

¢(NO ) o 
2 b.I/I 

-84 ± 10 (3.5±1)E-4 

-91 ± 3 (4±1)E-4 
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reduce the two near UV lines, but pass the 405 nm light, for which the 

31 39 quantum yield for N02 destruction is about 0.4. Harker has measured 

the overall quantum yield for N02 disappearance under illumination of 

wave lengths less than 400 nm at atmospheric pressure and obtained a value 

of 1.64. In the present work, the photodecomposition rate constant. 

jNO = J d\ I(\) o(\) ¢(\), 
2 

( 4 7) 

was measured as the first order disappearance of N02 under photolysis 1n 

an atmosphere of nitrogen. The empirical rate constant obtained, 

2.8 x 10- 4 sec- 1, was then divided by the overall quantum yield of 1.64, 

to obtain the j-value of the primary step of 1. 7 x 10- 4 sec-1 The cal-
-4 culated j-value at 254 nm is 1.4 x 10 , so that the active absorption of 

higher lines has been reduced to about 20% of the total. 

The intensity of the 254 nm line was measured by observing the 

first order decay of hydrogen peroxide under illumination. The UV spec-

40 . 41 trum of H2o2 has been measured by Holt and recently by Mol1na, and 
42 -20 2 Lin and DeMore, who agree on a cross section of 7. 6 x 10 em /molecule 

at 253.7 nm. The spectrum of hydrogen peroxide, Fig. 17 is qualitatively 

similar to that of N2o5 and in particular shows little absorption above 

300 nm. 11le overall quantum yield for destruction is two, based on the 

mechanism 

H2o2 + hv HO+HO 

HO + H2o2 H2o + HOO ( 48) 

HOO + HOO Hzo2 + o2 

net: . ZH2o2 + hv 2H2o + o2. 
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The photolysis step is rate-determining so the overall reaction is the 

first order disappearance of H2o2. 

Actinometry runs were perforrned at 295 K with concentrations of 

H2o2 on the order of 3 x 1015 molecules/cm3 ~ corresponding to optical 

densities of less than 0.25. Gas samples of H2o2 were expanded from a 

5.4 1 bulb into the cell, in order to avoid any possibility of condensa-

tion inside the cell, which, when it occurred, caused severe degradation 

of the gold surface mirrors. Time was allowed before a run commenced 

for stabilization of the lamp output, complete dispersal of reactant and 

establishment of the HOO steady state. Lamp intensity was continuously 

monitored by the UVlOOB photodiode, so that the photodiode output could 

be calibrated in terms of absolute intensity. H2o2 absorbance was mon

itored at 6.155 ~ and the photocomposition rate was taken as the differ

ence of the total observed rate and the heterogeneous loss rate, which 

was measured to be about 15% of the total decay rate. Additional exper

iments at 6.26 ~gave the same result. 

The lrunp intensity was 

I (T) = (1. 99-0.0035 (295-T) ± 0' 2) X 1o14 

photons/cm2•sec•mV of UVlOOB output. 

( 49) 

The temperature dependence in Eq. (49) arises from the temperature depen

dence of the responsivity of the photodiode. Photon flux at a lamp wall 

temperature of 330 K, typical of a room temperature experiment, was about 

8.5 x 1015 photons/cm2·sec in the cell. With the cell held at lower tem

peratures, the wall temperature and lamp output decreased, to 6 x 1015 

at 273 K and 3 x 1015 at 252 K. 
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IV. RESULTS MID DISCUSSION 

A. THERMAL DECOMPOSITION 

Modern theories of unimolecular reactions rest upon the mech

anism proposed by Lindemann 44 and Hinshelwood. 45 Applied to the case of 

(SO) 

c. 
N20Sl 1 > N02 + N03 

postulates a finite lifetime before molecules with sufficient excitation 

react or decompose. This allows the excited molecules to be deactivated 

by collision and results in the prediction of a transition from first 

to second order as the pressure decreases. At sufficiently low pressures, 

all molecules with more than the critical energy react before the possi-

bility of a deactivating collision. In this case step (a) is rate-

determining and the first order rate constant, which is the rate constant 

of activation by collision, is proportional to the concentration of M. 

In this regime, the decomposition is then characterized by a second 

order rate constant k~ and the rate of decomposition is k~[N2 0 5][M]. 

At high pressures, activation and deactivation occur much more 

rapidly than step (c), decomposition. If the deactivation rate from a 

particular state above the energy threshold, b[N2o5iJ[M], is much faster 

than the production of products, ci[N2o5il, an effective equilibrium 

distribution of molecules with energy above the threshold is maintained. 

Step (c) becomes rate-determining and the process becomes strictly first 

order. 
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The pressure range over which this transition from first to 

second order behaviour occurs is usually several orders of magnitude. 

In the case of N205 in nitrogen, a plot of kuni vs. [M] linear within 

experimental error for pressures less than 2 x 1016 molecules/cm3. 

Fig. 18 a and b are plots of the three substantial sets of data obtained 

in this pressure regime. The slopes of these lines, obtained by linear 

least squares regression, are the limiting lowpressure second order 

rate constants, k': 
0 

k I (307 K) 
0 

k I (295 K) 
0 

k'(268 K) 
0 

"' 

"" 

"" 

(1. 72±0.04) -19 3 
x 10 em /mol·sec 

(6.0 ± 0.4) X 10-20 

(1.0 ± 0.6) X 10- 21 . 

The intercepts obtained 

b(307 K) = (-1 ± 14 x 10-6 sec-l 

b ( 2 8 5 K) = ( 9 ± 2 7) X 1 0 -6 

b(268 K)- (-7± 81) X 10-6 

are all zero within one standard deviation, indicating that the low 

(51) 

(52) 

pressure regime has indeed been reached and that there are no residual 

heterogeneous contributions to the reaction rate. 

These second-order rate constants are plotted as circles in 

Fig. 19 along with limiting second order values (+) derived by a multi

parameter non-linear least squares fit to all the data which will be 

described below. The triangles in Fig. 19 are values taken from older 

7 8 work ' at higher temperatures. The least squares to the present 

data gives an Arrhenius expression for k~ of 
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Figure 19, Arrhenius plot of second order low pressure rate constants, 



k' "" 8.05 x 10-6 exp (-9630 ± 
0 

78 

3 -1 -1 400)/T em' molecules sec . (53) 

This value is in good agreement with the previously determined value of 

6.5 x 10- 6 exp (-9640/T). Combining the data gives a value of 

exp( -12. 0-9570/T±O. 7) cm3 molecules -lsec- L The difference in A-·factor 

of the two independent values is equivalent to a total shift in temper-

ature of 2 K by either or both data sets, or could be explained in terms 

of curvature of the Arrhenius plot, which will be discussed later. 

From the Lindemann-Hinshelwood expression 

(54) 

it 1s evident that for the two state model, a plot of 1/k vs 1/[M] will be 

a line of slope 1/k~ and intercept l/k
00

•
46 Although the spread of states 

above the critical energy in real molecules produces curvature in such a 

plot, k
00 

is still obtained from the limiting intercept. The three sets 

of data for which values at [M]>7 x 1018 molecules cm- 3 are available 

are plotted in this fashion in Fig. 20. The first order rate constants 

the high pressure limit are 

k
00

(272.5 K) = (1.93 

k (268 K) = (7.9 ± 
00 

k
00

(262 K) (2.99 ± 

-3 -1 
± 0. 12) x 10 sec 

0.4) X J.0- 4 

0.09) X 10-4 

(55) 

where the error limits are the standard deviation of the least squares 

fit. 1ne inverses of the slopes of the lines 

1/m (2 72. 5 K) == 6 x 10-24 cm3 molecules -1 sec -l 

l/m(268 K) = 2 x 10- 24 (56) 

1/m(262 K) = 7 x 10- 25 
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properly represent (extreme) lower limits to the second-order rate 

constants, k~(T). 

The only previous high pressure limiting value is that of 

Mills and Johnston6 , who extrapolated data taken at 300 K near and 

above 101 kPa, of N2o5 decomposition in nitrogen to give a limiting 

high pressure value of 
-1 k (300 K) = 0.29 sec 

(X) 
( ) 

The value of 0.0088 sec-l obtained in the same way at 273 K was later 

7 47 shown to be heterogeneously catalyzed, ' In order to allow examina-

tion of a very wide range of pressures, the work of Mills was carried 

out in three separate apparati, one for the low pressure region, one for 

intermediate pressures to an atmosphere and one for the measurements at 

pressures greater than an atmosphere, The detection technique in all 

three cases was optical observation of the visible absorption of the 

product N02. In the low and intermediate pressure experiments N2o5 

concentrations as a function of time were calculated by subtracting a 

third of the corrected N02 concentration measured from the initial N205 

concentration obtained manometrically, This proved unfeasible in the 

high pressure cell and the initial N2o5 concentration was calculated 

from the N02 present after the reaction had proceeded to completion. 

Although the presence of heterogeneously catalyzed production 

of N02 from N2o5 can be detected as a non-zero intercept in the plot 

of k . vs [M] in the low pressure limit when detection by observa-unl 

tion of N02, this cannot be tested at higher pressures, In addition, 

the presence of heterogeneous processes producing HN03, noted in the 

k d . d. 23 b b d Th ff t present wor an prev1ous stu 1es, cannot e o serve , e e ec 
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of consideration of this process on the result of Mills's experiment 

is dependent on the method of data reduction, In the low and medium 

pressure experiments, a derivation of the empirical rate constant, based 

on the mechanism 

(58) 

w 
N205 -~>- HN03 , 

gives the expression 

(59) 

TI1e initial slope of the logarithmic plot of [ N2o5 ]/[ N2o5 ]0 
would be 

A/ (l+[ HN03J/[ N205]
0

) and the first order plot would be curved upward. 

By careful technique, the ratio of initial nitric acid in the dinitrogen 

pentoxide can be held to a few percent, so that a fairly good value for 

the decomposition rate constant A is obtained. In the high pressure 

experunents, for which the initial [N205 ]
0 

was inferred from the final 

value for [N02 ], the expression derived for the empirical rate con

stant is 

kuni (observed) = A + w (60) 

The faster rate constants obtained by Mills, those in the high 

pressure apparatus and a few in the intermediate pressure region, also 

appear related to high NO/N2o5 ratios, perhaps indicating complication 

by the heterogeneous NO/HN03 reaction. For these reasons, the values 

obtained by Mills in the intermediate pressure apparatus have been 
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replotted, corrected to equivalent nitrogen gas density, over the same 

range as Fig. 5 in Ref. 6, [M]> 7x 1018 molecules cm- 3. A least squares 

fit to these points, shown in Fig. 21, taken mostly in C02, yields an 

intercept of 0.125 sec-l with a standard deviation of 0.012 sec-l The 

broken line in Fig. 21 indicates the fit from Fig. 5 in Ref. 6. 

This value included in Fig. 22 as a square, along with the 

three present values. The value originally determined by Mills is indi-

cated by the triangle. The least squares fit to the present work and 

the revised 300 K point is 

k
00

(T) "" 1. 78 x 1017 
e:A'J) ( -12540 ± 130) /T (61) 

where the error is the standard deviation of the fit. The corresponding 

activation energy is 104.3 kJ/mole, larger than Mills's estimate of 

88±9 kJ/mole. 

In order to develop a convenient representation for data obtained 

between the pressure limits in the so-called fall-off region, an interpo-

lation formula with a theoretical basis is desirable. If the steady-

state assumption for [N2 og~ is made in mechanism (SO), the familiar 

result is derived: 

a.c.[M] 
\ 1 1 

kuni "" f c
1 

+ b[M] (62) 

in which deactivation, b, is considered independent of the energy. The 

limiting expressions are 

and 

lim k 
[ Ml+O 

(63) 



-

83 

[M] itrogen ( lecule em-~ 

XBL 794-9325 

Figure 21. Intermediate pressure decomposition constants of 
Mills and Johnston. 
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Figure 22. Arrhenius plot of first order constants in the high 
pressure limit. 
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lim k ~ k "" I a . c . /b 
1/[M]+O oo i 1 1 

(64) 

Johnston and White13 have derived the general relationships 

(65) 

and 

(66) 

where the T indicates the averages are over the Tolman distribution, 

the distribution of molecules that react. The population of state i of 

this distribution is simply the ith term in (62), Clearly if the energy 

of state i is below the critical energy, the specific rate, constant for 

decomposition, c., is zero as 1s the term in the Tolman distribution, 
l 

The physical meanings of the two terms are approximately the 

average rate constant for decomposition from the reacting states and the 

average lifetime with respect to decomposition of these states, respective-

ly. In the two-state model, with one ground state and one state with 

sufficient energy to react, each average is necessarily the inverse of 

the other, the distributions collapse and the product of the two terms 

15 

(67) 

With many vibrational and rotational states above and below the critical 

energy, the average rate constant for decomposition must be larger than 

the average lifetime and J is restricted to values greater than one, 

Since the distribution of energized molecules across the quantum 

states higher thc:m the critical energy is a function of pressure and 

temperature (pressure dependence of the non-equilibrium distribution 
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is the reason for the difference in high and low pressure activation 

energies), the value of J is also to be expected to vary with these 

factors. The expression (67) will however be an adequate interpolating 

function if J is relatively constant near the midrange of pressure 

[ M ] = kexJ'k~ . 

The Kassel quantized statistical form of RRK theory48 pro-

vides one way to test this assumption. RRK theory considers an ensemble 

of weakly interacting harmonic oscillators of a single frequency. The 

weak interaction allows them to transfer energy without perturbing each 

other's energy levels. When the m quanta of vibrational energy sufficient 

to overcome the critical energy reside in a particular distribution, 

i.e, the reaction coordinate, the reaction is considered to occur. The 

distribution over states greater than the critical energy and the spe-

cific rate constant for reaction from such a state i are given by statis-

tical arguments concerning the number of ways possible to distribute the 

m+i energy quanta among the s oscillators. 

and 

-x s -mx -ix 
= (m+i+s-1) !(1-e ·2 e e 

pi (m+i)l(s-1)! 

= D (m+i)!(i+s-1)! 
ci i!(m+i+s-1)! 

mx == E /kT c 

( 68) 

(69) 

(70) 

D is a proportionality factor with units of sec -1 , which is equated to 

the high pressure A-factor. 

The quantities < ci> and < 1/ci> can be evaluated over the Tolman 

distribution 
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(71) 

oo "" (s-1 (k+i~Z(k+m~· s~1 ~+· 2 kt +' s-1 ) e·(i+j)/x '\' '\' rr - -. i. + n L m 1 
- zn (k+i) (k+J') 

L L ( .;ffi,l +m·J (b+c 0/r M l) (b+cj 11''1 ) imo i>i K"'l k'"l · k"'l 1! 1 
''' J "' 1 + ~~~·~-~----~~--=..:;;;.._ _____ ~_,_.:;~---~--=-------iL--

( I fi+s-1) l e-ix ) 2 

i 
i ! '6+c . /[ M T 

"'0 1 

FoT this model, as the s1ze of the quanta become laTge compared 

to the cTitical eneTgy, m tends towaTd one, the distribution appToaches 

a two-state system and J appToaches one. If m becomes laTge the system 

becomes classical and J becomes laTge. For the pur-pose of evaluating 

J, computation of k', k , and k is numeTically easieT than evaluation 
0 (X) 

of (72). Fig. 23 shows the Tesult of a calculation of k, plotted as 

filled circles, using (68), (69) and (70). The collision Tate constant 

-10 3 -1 -1 has been set at 5.6 x 10 em molecule sec , the numbeT of quanta m 

to equal the cTitical eneTgy is 22, setting the eneTgy of a qum1tum at 

-1 396 em . All fifteen oscillators are consideTed active as is usually 

assumed in the quantum application of RRK theory. The values of these 

parameters have been chosen to match most closely the experimental data 

at 268 K, which aTe also indicated in the figuTe plotted as squaTes. The 

dotted 1 ine is an interpolating function fit to the data in a manner 

descTibed below. 

A non-linear multi-parameteT (J, I~, k~) least squaTes computeT 

pTogr-am, listed in Appendix A, was used to fit the complete data set to 

Eq. (67), which TeaTranged gives 

(72) 
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k 
- (k~[M]+ koo)+ (Ck~[M]+k00) 2 

+ 4(J~J)k00k~[Mi)1 1 2 
... . Z(J-1) (67a) 

The fitting parameters listed in Table 7 a1low interpolation at 

each temperature except 287 K, for which not enough data was available. 

1ne program seeks a minimum 2 x , the total error of the fit, on the 

three-dimensional surface. At higher temperatures for villich no high 

pressure data were available the minimum in x 2 was very shallow in the 

(J, k
00

) plane, allowing J and k
00 

to float proportionately. However in 

each case the best fit to J was on the order of 6.5±1, so a second two-

parameter fit at fixed J independent of temperature was made. The values 

of k~ thus obtained are the values plotted as + in Fig. 19. The k
00 

values produced by the fitting program are not representative of the 

true limiting values, but are only used for interpolation. The dotted 

line Fig. 23 shows the interpolation function at 268 K. 

Previous data6' 7' 8 at intermediate pressures have been plotted 

m Fig. 24 in accompaniment with the interpolated results of the present 

work. TI1e gas density range covered is 3 x 1016.;;; [ M].;;;; 3 x 1019 molecules 

-3 em The temperature range is 262 to 324 K. The A-factors and activa 

tion energies are tabulated below with the associated values for the 

reverse reaction 

(73) 

Recently Viggiano et aL 11 have been able to apply their tech

nique of flowing afterglow chemical ionization with mass spectrometric 

determination to study the thermal decomposition of N2o5 in a flowing 
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TABLE SEVEN 

T K k' 3 -1 -1 k
00

sec -1 
J 

0 
em molecule sec 

307 1. 95 X 10-19 0.060 7.2 

295 5.83 X 10- 20 0.031 6.0 

2.5 5.31 X 10- 21 2.0 X 10- 3 13.1 

268 1.95 X 1021 7.1 X 10-4 6.1 

262 1. 07 X 10 ··21 2, 55 X 10 -4 6,8 
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TABLE EIGHT 

N a 
2 

A b 
f 

E c 
f Ad 

r 
E c 

r 

3 X 1016 4.9 X 1011 9940 5.9 X 10- 16 -1240 

1 X 1017 3.6 X 1012 i0230 4.3 X 10-lS - 950 

3 X 1017 1. 78 X 1013 10480 2.13 X 10- 14 - 700 

1 X 1018 1.64 X 1014 10920 1.96 X 10-13 - 260 

3 X 1018 1.24 X 1015 11360 1.48 X 10 -l2 180 

1 X 1019 1. 53 X 1016 11960 1.83 X 10-11 780 

3 X 1019 9.7 X 1016 12410 L16 X 10-lO 1230 

Units of molecule em 
-3 

a. 0 

b. 
-1 Units of sec . 

c. Units of K. 

d. 
3 -1 

Units of em molecule sec -1 
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system. Their experimental system was restricted to the intermediate 

pressure range of 1.87 to 47.5 kPa but allowed the variation of temper-

ature to cover 267 to :377 K. Figure 1 includes results of their work 

at 268 K, including one interpolated point and five points extrapolated 

downwards from 6 to 28 degrees. These values, obtained in a cell of 

5 volume, agree closely with the present work within the respective 

limits of experimental error. 

requirements on experlinental data, placed by the need to 

extrapolate 40 degrees below the 40 to 80 degree experimental temperature 

to reach str<1tospheric condHions are stringent. The present re

snlts dHfer from ear] ier conclusions6 ' 7 •13 primarily with regard to the 

high pressure Arrhenius parameters. The high pressure rate constants ex-

trapolated to 220 K differ by nearly a factor of 20 between the present 

smaller result and the previous value. 6 The present work also shows an 

earlier onset of the high pressure limit, reflected in the magnitude of 

J (around 6.5 at 268 K) as opposed to the value of 20 to 30 at 300 K 

f - 1" 1 13 rom the ear 1er resu ts, Part of the discrepancy is resolved 

if the data of Mills in his high pressure cell are discarded in favor of 

his intermediate pressure cell results. The revised k
00 

value of 0.125 

-1 vs 0.29 sec · reduces his experlinental J values to about 12 or smaller 

at 300K. 

The present high pressure activation energy of 12540 K, and 

thus the value of A ~ 1.78 
00 

17 -1 
x 10 sec , are both greater than the 

previous estimates of 11000 K and 5 x 1014 sec-1 . 

Many attempts to fit the previous data to various theories of 

unimo1ecular decomposition have been made. In each case the high pressure 
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activation energy is, however, an input parameter, as is the high pressure 

A-factor in some others. Consequently only the relationship of the pre-

dieted pressure dependence to the experimental results can be tested, 

J hn 
49 . d h h o ston appl1e Kassel t eory to t e pressure extremes observed 

by Mills and concluded that no possible combination of active oscillators 

and qum1tum size could reproduce the observations. 50 Kassel agreed, 

but pointed out that the fault lay in the high pressure data, which was 

inconsistent with any possible distribution based on the data at medium 

pressures. He was able to fit the remaining data with Kassel theory 

using all 15 oscillators as active with 25 quanta equalling the estimated 

critical energy of 3SRT. He also showed that a simple model based on 

constant J=9.90 fit the data fairly well. 

Kassel concluded that the shape of the experimental pressure de-

pendence was an insensitive tool for study of the distribution of spe-

cific rate constants, c1, for decomposition from individual quantum 

states above the critical energy and thus for testing theories of the 

nature of the distribution. Certainly data would have to cover a wide 

range of pressure with great precision to study the behavior of J. A 

function based on a constant value of J has been used to fit the data, 

but experimental values of J, plotted in Fig. 25, show trends with 

both pressure and temperature. The Kassel quantum calculation described 

earlier, which was adjusted to fit the data by variation of b, the 

collision rate constant, and the other disposable par~1eters in the 

theory, predicts a slow increase in J with both pressure and temperature. 

Figure 25 shows these results at 268 and 300 K. There a great spread 

in the experimental values for J, and it is not clear whether the increase 
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with pressure predicted by RRK theory is observed. 

The RRK model of 15 identical harmonic oscillators is not a 

realistic picture of the spread of frequencies in the actual molecule. 

An attempt to match the data with Slater's theory, in which only cer~ 

tain vibrations, those of the proper symmetry, are active, has also 

been made. 51 Although provision is made for a spread of the active 

oscillators, the agreement with experiment of the pressure at which the 

rate constant has fallen to 95% of its high pressure value was poor. The 

restriction of active modes to those of a single symmetry type is prob-

ably responsible for the discrepancy, since anharmonicity in general 

48 allows energy transfer among all modes. 

The most realistic theory of unimolecular reaction processes 

. 48 52 is the extens1on by ~hrcus ' of RRK theory. ~1 retains the statisti-

cal nature of the theories proposed by Kassel and by Rice and Ramsperger, 

but calculates the ad hoc parameter, D, in the RRK expression for the 

specific rate constant, ci' using the formalism of transition state 

theory. 

Wieder and ~rcus, 53 in further developing ~1 theory, treated 

the case of N2o5. The distribution of energized molecules, determined 

combinatorially by Kassel, is calculated by evaluating the density of 

states at energy E from knowledge of the structure and vibration fre-

quencies of the molecule. The specific rate constant for reaction from 

a state of energy E>Ec calculated by evaluating the density of states 

in a particular region of phase space, the transition state, in which a 

critical configuration has been obtained and a certain amount of energy, 

the critical energy, has been fixed. The resulting expression for the 



unimolecular rate constant depends on knowledge of the high pressure 

activation energy, the partition functions of the molecule and the 

1 of states molecule and activated complex as 

functions of energy, 

and 

where 

{ 
P(E+ )} . + .+ 

oo ,~O vr exp (- E /kT) dE 
( ---~~··~·-·~·-~~·~-~-·~· ~. ~--··-· 
I + . 
J l+k (E +E )/~M] 

E+ =0 a c . 

k a 
+ 

r: critical enerrv ·'c 

r/ 
l: p (F~ ) e =0 VI 
vr 

enenv above the critical enenrv 

o symmetry factor 

+ Q1 , Q .. partition of adiabatic modes of molecule, 

activated complex 

(74) 

(75) 

Q2 partition function for active degrees of freedom of the 

molecule 

+ 
E + 

+2~ P(E . ) 
E =0 vr 
vr 

total number of quanturn states of activated complex 

.+ 
up to E 

density of quantum states of molecule at energy 

+E+) 

b collision rate constant, 
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The structure of the transition state and its vibrational frequencies 

must be chosen to apply RRKM theory. Wieder and Marcus chose a 

"loose" transition state, expected to conform to decompositions for 

which the reverse reaction is the recombination of radical fragments 

wi t 1i Lttle activation energy, for their calculations. The model of the 

activated complex is of a quasidiatomic species in which the "atoms", 

the N02 and N03 molecules, are free to rotate. The predicted A-factor 

at 300 K from this model was about 60 times larger than that estimated 

by Mills and Johnston and the shape of the pressure dependent curve 

(Fig. 7 in Ref. 53) was sharper than that observed by Mills. In 

particular, the predicted pressure at which the rate constant falls to 

half its high pressure limit, P112 , was a factor of two smaller than 

the experimental value. If the revised value of 0.125 sec-l is re

-1 placed for the old value of 0.29 sec the experimental value for p
112 

comes into close agreement with the calculation. 

Recently Golden and Smith have developed a Gorin-type hindered 

rotational model for the transition state of simple bond fission reac-

tl.ons w1.th ~adl·cal p~od.ucts. 54 • 55 • 56 Th d 1 · · ·1 · t , , e mo e 1s s1m1 ar 1n concep 

to the "loose" transition state described above. The free internal ro-

tation allowed by Wieder and Marcus is, however, replaced by hindered 

internal rotation, in which the moments of inertia of the internal 

rotors are reduced by a function 11-n, of the hindrance parameter, n. 

The physical picture is of a volume of phase space denied to the rotating 

fragment by the presence of the other fragment. If the distance between 

the rotating fragments is taken to be the top of the centrifugal barrier 
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m the potential, this model also explains the negative temperature 

d d f I A £ f b d . 55 . h epen ence o · t~1e -ractoT o ten o seTVe experimentally, s1nce t e 

picture 

H0
2
No

2
, 

to 

to 

inert 

Us van der Waals radii foT atoms, a simple excluded volume 

hindrances around 50%. In application to HN03 and 

values of the hindrance parameter, around 95%, were neces-

the observed A-factoTs. The program has been applied 

data set, with vibTational frequencies ru1d moments of 

from the JANAF tables. The vibrational frequencies m 

the trar1s ion state were to be those of the free N0
2 

and N0
3 

fragments. The collision efficiency of nitrogen was taken to be 0.3 

d b - 1 55 as suggeste y other resu ts. 

The resul t 57 obtained with a critical energy of 11000 K at 300 K 

and the hindrance of 99.5% necessary to fit the high pressure limits 

of the data set is also in good agreement in the low and inter-

mediate sure regions. The shape of the fall-off curve is similar 

to the experimental data. The predicted pressure dependence of 

J at 300 K 1s included Fig. 25 as the broken line. In contrast to 

the result of Kassel theory and perhaps in better agreement with the 

experimental obseTVations, J is larger at low pressure ru1d fairly 

constant throughout the intermediate pressures which stratospheric 

rate constant extrapolations are 1nade. behavior of J was also 

observed in the study of the isomerization of methyl isocyanide by 

B. S. Rabinovitch. 46 , 58 Little temperature dependence of the value of 

J between 300 and 268 K is predicted by the RR]}l model. 
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Raising the critical energy used :in the calculation to 12240 K 

produces agreement in the high pressure limit with internal rotor hin

drances of around 40%, giving the higher A-factor of 1.6 x 1017 sec-1 . 

The fit to the data of the calculated rate constant , however, much 

poorer. Figure 26 shows the fit to the data at 268 K for the two 

calculations. The density of states in the energized molecule does not 

increase rapidly enough with energy to compensate for the reduced 

Boltzmann factor in the case of the high critical energy. Consequently, 

the low pressure limit is underestimated. The shape of the curves is 

similar, but the falloff is shifted to higher pressure in the high acti-

vation energy calculation. 

17 -1 . Although the new value of 1.78 x 10 sec 1s a much less 

anomalous high pressure A-factor than the previous estimates of 1 to 

6 x 1014 sec- 1, (other A-factors for similar bond fission reactions are 

given below), the new value for the activation energy of 24.9 kcal/mole 

TABLE NINE 

HIGH PRESSURE A-FACTORS FOR BOND FISSION REACTIONS 

Reactant Products 10g10A Reference 

C2H6 2CH3 17.4 59 

CzH6N2 2CH3+N2 17.2 59 

C8Hl8°Z 2C4H90 15.6 59 

HNO 3 
HO+N02 16.5 56 

H02No2 H02+N02 16.4 60 

NZOS N02+N03 17.3 This work 

Nzos N02+N03 (14 '4) Previous esti-
6 mate 
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Figure 26. Results of RRKM calculation at 268 K. 
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implies a chemical barrier of about 2.7 kcal/mole in the recombination 

reaction, from the reaction enthalpy obtained by Graham of 22.2 kcal/mole. 

The hindered rotational transition state is based on recombination reac-

tions with little or no activation energy, for which the barrier tore-

combination is only centrifugal. A chemical barrier to reaction would 

probably occur at a smaller separation of the fragments, corresponding 

to a tighter transition state and lower A-factor. Additionally, for 

the reaction 

(76) 

27 Graham reported an activation energy at 300 K of 2.44±0.2 kcal/mole. 

It is difficult to imagine that the recombination reaction could have a 

larger activation energy than this. 

A final consideration before extrapolation to stratospheric 

temperatures is the possible non-applicability of the Arrhenius form 

over wide temperature ranges. Tolman's definition of the activation 

energy is the difference of the average energy of the molecules that react 

and the average energy of all molecules. Since the average energy of all 

molecules is independent of pressure at a constant temperature, the 

difference of the activation energies at the high and low pressure limits 

represents the changing distribution of energized molecules. 

At the low pressure limit, virtually all molecules with sufficient 

energy eventually react, since deactivation by collision is made slow 

with respect to reaction. The rate constant becomes the rate of ener-

gization, which the ~1 theory gives, assuming that the distribution of 

molecules below the critical energy is the equilibrium distribution, as 
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* k~ = (Q /Q)b exp(-Ec/kT) (77) 

* Q partition function for the molecule and Q is the partition 

function energi molecules the vibrations and rotations 

measured from the grm1.11d state of the activated complex as "" 0, It 

depends only on the height of the barrier and the structure of the 

* molecule. Q is much larger than Q, because the density of states m-

creases rapidly with energy and the exponential energy term, exp(-E /kT), 
c 

has been explicitly separated out. Hinshelwood45 showed that the ratio 

of partition functions is approximately proportional to (E /kT)s-l where 
c 

s is related to the number of modes. From the definition of the activa-

tion energy 

E = kT2 d ln k/dT a 

the low pressure activation energy is seen to be 

E = E - (s-l)RT 
0 c ' 

(78) 

(79) 

The critical energy is usually on the order of the high pressure 

Arrhenius activation energy. In RRKM theory the high pressure rate 

constant is proportional to 

(kT/h)(Q+/Q) exp(-E /kT), c (79a) 

in which Q+and Q are the complete partition functions for the activated 

complex and reactant respectively. The factor kT/h arises ·from trans-

forming one of the asymmetric stretching modes of the molecule, a high 

frequency vibration, into the reaction coordinate, which for a broad 

energy barrier corresponds to a low frequency vibration contributing 

kT/h to the activated complex partition function. Applying Eq. 78 to 

the expression for k gives 
00 
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+ 
E = E + RT + RT2 (aRDQ -~ 

oo c aT aT (79b) 

If no other modes change dramatically in spacing of the energy levels, 

the critical energy will be RT smaller than the high pressure acti-

vation energy, or for the present result, about 12240 K. From the ob-

served low pressure activation energy, s-1 is 8. This temperature de-

pendence of the activation energy would be reflected in negative curvature 

in the Arrhenius plot. 

An alternate expression for the low pressure rate constant, based 

on this derivation, is 

k~ = 3.1 x 1018T-s exp(-12240/T) cm3 molecule- 1sec-l (80) 

This expression is supported experimentally by the work of Schott and 

Davidson on the decomposition of N2o5 in shock tubes at high temper

atures. They estimated the second order rate constant in the low pressure 

limit at 500 K, measured in argon, to be 6.4 x lo- 15 cm3 molecule- 1sec- 1. 

From the relative efficiencies measured by Wilson and Johnston9 the 

-14 3 -1 -1. corresponding value in nitrogen would be 1.14 x 10 em molecule sec 

Eq. 80 predicts a value of 1.83 x l0- 14 while the simple Arrhenius ex-

-14 3 -1 -1 pression (53) gives 3.41 x 10 em molecule sec Additionally they 

obtained over the range of 450-550 K at an equivalent gas density of 

about 2 x 1018 molecules cm- 3 of nitrogen an activation energy of 8300 K. 

This density is somewhat above the second order limit at this temperature, 

so that the value is expected to be somewhat larger than the value of 

8240 K obtained from Eq. 79, but the agreement in both activation energy 

and rate constant is very good. 

The error made by extrapolating the simple Arrhenius form (53) 
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to the lowest stratospheric temperature of 229 K nearly a factor or 

two in overestimation at high pressure compared to the value predicted by 

(80). The high pressure data to not cover a sufficient temperature range 

and are not of sufficient quality to investigate the T dependence of the 

high pressure activation energy. The RRKM result expressing the high pres-

sure limit of E 1s from Eq. 79b. a 

E = E + RT + < E+> - < E > 
. 'oo C (81) 

The temperature dependence again results from changes 1n the distribut --

tions of all molecules and molecules that react, which change the aver-

age energy of the two groups. For loose complexes this produces a nega-

tive contribution to the apparent activation energy. The effect should 

be smaller than at the low pressure limit and the simple Arrhenius form 

(61) will also overestimate the rate constant at low temperature. The 

RRKM calculation of Baldwin and Golden57 predicts only a 50 K change in 

the Arrhenius activation energy over an 82 degree temperature change 

about 300 K. 

B. PHOTOCHEMISTRY 

The ultraviolet spectrum of N2o5 has been observed quantitatively 

. 61 62 by Urey, Dawsey and R1ce, by Jones and Wulf, and by Johnston and 

l 
27 Gra1am. Daubendiek and Calvert also have published a near UV spectrum 

1 1 
. 63 at ow reso ut1on. The absorption first becomes evident at 380 nm 

and the cross-section increases smoothly with decreasing wavelength. The 

absorption is structureless at or below a resolution of 0.87 nm FWHM. 
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The work of Jones and Wulf and of Johnston and Graham agrees 

fairly well quantitatively. The cross-sections determined by Holmes 

and Daniels at 265 and 280 nm are also in close agreement, The low 

resolution values of Daubendiek and Calvert are about 30% smaller in the 

vicinity of 254 nm and somewhat outside of the ±20% error limits esti-

mated by Johnston and Graham for their results, 

Recent work in our laboratory by Ivan Wilson64 at 243 and 273 K 

with 0.3 nm resolution agrees closely with the earlier work, showing 

little temperature dependence for the absorption below 280 nm, The re-

sults of the various workers are shown in Fig. 27. The value used in 

the quantum yield calculations was 

o(254 nm) = 2.95 x l0-19 cm2 molecule-l (82) 

2. Closed Cell Photolyses 

The major interfering reactions in the photolysis of N2o5 are the 

reactions of N0
3 

(83) 

and 

(84) 

The reaction of N2o5 with 0 atoms is negligible and the photolysis of 

N02, an effect of a few per cent, will not interfere at all if the 

reaction of NO with N03 can be suppressed. The experiments at 252 K 

were performed for this purpose. With a typical light intensity of 
15 -2 -1 -19 3 x 10 photons em sec , a cross section for absorption of 2, 95 x 10 

cm2 and a quantum yield of one for the primary process, the photolytic 
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Figure 27. UV absorption spectrum of N2o5. 
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-4 -1 rate constant would be 8.7 x 10 sec , The high pressure limit of the 

-5 -1 decomposition rate constant at this temperature is 4.4 x 10 sec and 

-5 -1 its value will be substantially lower, less than 1 x 10 sec , at total 

gas concentrations smaller than 5 x 1017 molecules cm- 3 Its effect can 

then be ignored compared to the 10-20% experimental error. 

For the typical ratio of N205 to N02 concentration of about 10, 

the recombination rate at low pressure of N02 and N03 is also less than 

10% of the photolysis rate. The experiments under these conditions yield 

a direct measure of the primary quantum yield, The series of points ob

tained at a constant total effective nitrogen concentration of LS x 1015 

molecules cm- 3, but with varying N2o5 concentration are plotted in Fig, 28, 

The clear dependence on N2o5 concentration apparently contra

dicts the finding of r~rphy15 of a lack of quantum yield dependence on 

N2o5 concentration between limits of 1.87 and 6.67 kPa (S x 1017<[N205 ] < 

18 -3 1.75 x 10 molecules em ), One explanation of the fractional quantum 

yields observed in previous experiments could be the recombination of 

the assumed photoproducts N02 and N03, although ~rurphy discounts this 

possibility on the basis of a predicted l/[N02 ] dependence which he does 

not observe. The low temperature and pressure results in the present 

* work show that quenching of the excited N2o5 by other N2o5 molecules can 

account for the diminished quantum yield, 

A simple mechanism of N2o5 photolysis at low pressure and temper-

ature 
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Figure 28. Photolysis quantum yields at low [N 2]. 
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kl 
N205* ~ Products (85) 

k 
N205* + N205 2a / 2N205 

properly predicts the approach to unit quantum yield as the N2o5 concen

tration is lowered, but also predicts near zero quantum yields for the 

concentrations used by Murphy. A second energy transfer reaction must 

be added 

k 
N 0 * + N 0 ~~ Products + N2o5 

· 2 5 2 5 ~ (86) 

to accow1t for all observations. With (86) the steady state expression 

for N 0 * is 2 5 

TI1e quantum yield is given by 

The limiting low pressure value is one and the high pressure result 

(87) 

(88) 

tends toward k2b/k2a+k2b)" Murphy's experiments in the high pressure 

region show that this ratio is 0.31 in pure reactant. 

An upper limit to the rate constant k1 can be de.quced by. assuming 

that k2a+k2b is collisional. A least squares fit to the data using 

14 3 (88) produces a value of ( 4. 2 ±1) x 10 molecules em- multiplied by the 

total quenching rate. At 252 K, the bimolecular collision rate constant, 

calculated with a collision diameter of 6A, is 3.6 x 10-10cm3 mo1ecu1e-l 
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sec 1 so that k1, the collision-free decay constant of excited 
. 5 -] 

N2o5*, is less than or equal to L5 x 10 sec ·. Eq. (88) is plotted as 

the line in , 2 9 , The corresponding co 11 :wn ~ lifetirne is at 

least 6 wsec, 

The marked variation m quantum yield with changing N2o5 concen~ 

tration at a relatively constant total gas concentration is an indication 

that 

If this 

of photolysis are not the thermal products, N02 and N03 . 

the case, an estimate of the quenching constants of nitrogen 

and oxygen can be made from experiments at 252 K in higher pressures of 

the buffer gases, shown in Fig. 29. The thermal decomposition reaction 

still much slower than photolysis, an.d although recombination will be 

faster, the assumption that there no N03 produced, The addition 

of foreign gas quenching to mechanism (85) and (86) adds the term k3[M] 

to the denominator of Eq. (83) for the quantum yield. A plot of 1/¢ vs. 

[ M ] should then be 1 inear, There inadequate medium pressure data to 

- -14 3 - -1 test this conclusion, but an estimate of about 1 x 10 em molecule 

-1 sec · for quenching constants of both nitrogen and oxygen can be 

made on the basis of the atmospheric pressure results, 

The high pressure experiments in oxygen are apparently complicated 

by the production of ozone and the subsequent oxidation of N02 to N03, 

'l11e reformation of N2o5 appears as diminished quantum yields and curva

ture in the semilog plots of N2o5 absorbance with time, In these cases, 

an estimate of the initial slope and light intensity were used to calcu-

late the quantum yields. 

Murphy quotes apparent quenching rate constants for several buffer 

gases that are about fifty times larger than the estimate above. The 
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enhanced quenching efficiency he reports for oxygen is probably mostly 

due to oxidation of N02, but the discrepancy for nitrogen remains if 

Murphy's results are interpreted in terms of the proposed mechanism. 

However, the dependence on nitrogen pressure over his experimental 

range small and perhaps negligible. SF 
6 

generally much more 

efficient in quenching electronic excitation than is nitrogen, but Murphy 

reports only a factor of five between the quenching efficiency of SF 6 

to N2, suggesting that the quenching ability of nitrogen has been over

estimated. 

Data were also collected at 273 K in oxygen and nitrogen at a 

variety of pressures. At this temperature thermal decomposition becomes 

a significant additional reaction for number densities greater than about 

3 X 1016 molecules cm- 3. NO d d ·th d. tl b t t pro uce e1 er 1rec y or su sequen o 

the photolytic event can eventually react with N03 produced by thermal 

decomposition, increasing the apparent quantum yield. Figure 30 shows 

the result of CHEMK calculations on the system 

(89) 

f NO + N03 ~ N02 + N02 

B N02 + N03 ~ N2o5 

NO + 0 
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The quantum yield correction factor, x, is plotted as a function of total 

-3 -1 pressure, assuming or ~ 1.0 x 10 sec , a typical value at 273 K, and 

with appropriate rate constants for A and B measured previously. It is 

evident that the steady-state assumption fails for NO except at the 

highest pressures, that i~ not every 0 atom ultimately participates in 

the destruction of another N2o5 molecule. The ~~ program is thus 

used as a numerical integration technique for the expression of the 

N2o5 disappearance rate 

A[N
2
0

5
] 

B [ NOz] 
l +F [ NO] 

(90) 

The corrected data at 273 K are plotted as filled symbols 1n Fig. 29. 

Thus corrected for the pressure dependence of the thermal decomposition, 

the results indicate a quenching constant for nitrogen of the same mag-

nitude as the 252 K results. 

The 273 K results in oxygen again reflect the alternate pathway 

for 0 atoms in this system. The formation of ozone defeats the reaction 

step that contributes to the enhanced quantum yield in nitrogen. The 

subsequent ozone accumulation reoxidizes the product N02, further de

pressing the apparent quantum yield. 

Finally, a few points obtained at 295 K and atmospheric pressure 

reemphasize the conclusion that an 0 atom is produced in the primary 

step. At this temperature and pressure, the dissociation-recombination 

rate constants are such that the quantum yield correction factor assumes 

its limiting value of two in nitrogen. In oxygen the initial limiting 

quantum yield is equal to that of the primary step. The factor of two 
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difference in empiric quantum yield obtained between N2 and o2 strong 

evidence for 0-atom production and against NO production in the primary 

step. 

3. Constant Illumination Flowing Systems 

Constant intensity photolysis of chemical systems of N2o5 in a 

flowing carrier gas provides additional information on the primary products 

of photolys The basis of differentiation of the possibilities, 2N02+ 0 

and NO+ N02 + o2, again the participation of oxygen in the chemistry 

if the 0 atom is produced. The decay with time, from the N2o5 concen

tration in a stabilized flow in the dark, after the lamps are turned on 

will be identical in oxygen and nitrogen, assuming equal quenching 

efficiencies, if the NO channel is followed, and different if the 0 

channel is selected. 

The experiments at 268 K have been simulated with the CHEMK 

package, using the complete chemical system detailed in Appendix B. 

Figure 31 shows the predictions of N2o5 behavior in oxygen and nitrogen 

assuming the two pathways. Figure 16 showed the experimental results. 

TI1e good correspondence with the 2N02 + 0 channel shows that the assumed 

mechanism is an adequate representation of the photolysis process. 

4. Intermittent Photolysis jn Flowing Systems 

The results of the intermittent photolysis experiments provide 

independent confirmation of conclusions formed on the basis of the 

above constant illumination work. By probing the response of the chem

ical system to low frequency perturbations from a steady state, evidence 
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Figure 31. CHEMK model predictions in photolytic flow system. 



118 

on the role of a species in the scheme of reactions is available. The 

mechanism of Appendix B is used to predict the phase angles and modula

tion amplitudes of N2o5 and N02 as functions of photoproducts and pho

tolysis rate constant. 

Three different sets of conditions were explored. The predictions 

of the computer model in each of the cases are summarized in Table 10. 

The experimental results are also included. The first choice of conditions 

was modulation in nitrogen at 267 K and reduced pressures of 2. 0 to 6. 7 kPa. 

Under these parameters additional reactions dependent on the thermal de

composition, such as NO + N03, are slow compared to the 0.306 Hz flashing 

frequency. The recombination reaction of N02 with N03 is on the time 

scale of the flashing frequency. Consequently the two pathways 

2 N02 + 0 (91) 

and 

(92) 

will result in the same N2o5 phase angle of +90°, characteristic of a 

reactant destroyed by light in a first order process. Tne third possible 

channel 

(93) 

places the N2o5 phase angle into the second quadrant, indicative of a 

reactant reformed from the products of photolysis. The experimental 

results are in line with channels (91) and (92) with respect to phase 

angle. The modulation amplitudes are also in agreement, within their 

wide range of uncertainty, with those predicted using quantum yields 

interpolated from the static cell results. N02 modulation was below 

the detection limits in this system. 
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TABU~ Tb"J 

ASSUMED PROIJUCTS T M I N205] ¢N 0 i\iN 0 /I I N02! ¢ i\JNO /I 
2 5 2 5 NOz 2 

N0 2 + N0
3 

295 K o2:2.45El9 3.9El4 -lSfl 3.9E-5 l. 9El3 -30.9 1. 7E- 5 

267 K 02:2. 7SE19 7.0Lt4 141 2.31:-4 1. 44El2 -39.9 0.11 

2o7 K N2:z. 7SE19 9.0El4 J(>4 7.8E-S l.l2E12 - 16. 1 0.06 

NO + N0
2 

+ 02 295 K 02:2. 7SE19 2.2El4 75.5 2.2E-4 3. 4El4 -148 1. 46E-4 

267 K o2:2.75El9 8.0E14 91.1 2.6E-4 1. 79El4 -90.0 2.46E-4 

295 K N2:2.45El9 i. 8El4 63.2 2.4E-4 4.4E14 134.7 1.4E-4 

267 K N2:z. 75El9 5. 3El4 86.2 2.8E-4 6.9El4 -98.7 1. 7E-4 

267 K N2:1.8El8 5.4El4 86.9 2.8E-4 6.SE14 -95.6 1. 8E-4 

NOz + N02 + 0 295 K o2:2.4SE19 3.5E14 89.0 2.5E-4 9.8El3 -95.0 1. 8E- 3 

267 K o2:2.75El9 6.4El4 89.0 1. ZE-4 1.06El4 -91.0 1. 4E-2 

(a) 267 K o2:2.75El9 6.45El4 100.5 1. 3E-4 1.06El4 -90.6 1.4E-3 

295 K N2:2.4SE19 2.02E14 64.3 1.8E-4 3. 9E14 152.8 1. 7E-4 

267 K N2:2.75El9 S.8E14 89.4 2.2E-4 6.0El4 -105 Z.OE-4 

267 K N2: 1.8E18 6.0E14 91 Z.OE-4 

Experimental 295 K o2:2.4SE19 3.SE14 94±5 (5±2)E-4 1.1E14 -84±10 (3.5±l)E-4 

267 K o2:2.75El9 6.0E15 1. OE14 -91±3 (4±l)E-4) 

267 K o2:2.75E19 6.0El4 89±5 (2±.6)E-4 

295 K N2:2.45E19 1.9E14 60±15 (1.2±.5)E-4 ---

267 K Nz: 1. 8El8 6.0El4 89±5 (2±.6)E-4 

(a) ¢ = 0.3 for 2 N02 + 0, 0. 7 for N02 + N0 3. 
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The second set of conditions employed was flow at atmospheric 

pressure of nitrogen or oxygen at 267 K. Here again the thermal decompo

sition is too slow to affect the N2o5 phase angle for (91) or (92) in 

nitrogen or (92) in oxygen. The predicted modulation phase angle of 

9u again observed for N2o5, and while this eliminates (93) as the 

sole channel, the possibility of a partial contribution cannot be assessed 

on the basis of this experiment, since its contribution to the modulation 

amplitude is very small. 

The modulation of N02 was observed in the oxygen runs. The phase 

angle observed of -90° falls at the expected 18u phase shift from its 

precursor N2o5. The steady state concentration and modulation amplitude 

are within the error limits of correspondence to the values calculated 

for channel (91). A somewhat larger steady state concentration would 

result for (92). 

The final runs were made at room temperature with a low concen

tration of N2o5, maintained in a xylene slush bath, in an atmosphere of 

nitrogen or oxygen. The low concentration of N2o5 was intended to en

hance the quantum yield by reducing quenching, while at room temperature 

the thermal decomposition was fast enough compared to the flashing fre

quency to alter the N2o5 phase angle, bringing it into the first quadrant. 

As in the prior static cell experiments, the alternative carrier gases 

will give different results for (91) and similar results for (92). 

Both N2o5 and N02 modulation were observed in oxygen. The 

respective phase angles of +9u and -90° are again indicative of channel 

(91), in which the 0 is tied up by the high background concentration of 
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oxygen, rather than (92) for which the phase angle for N2o5 should be 

about 60°. The amplitudes are again of the proper order of magnitude. 

The 60° phase angle of N2o5 observed at room temperature 

in nitrogen is final confirmation of 0 atom production in the primary 

step. It was hoped that some indication of the room temperature atmos

pheric pressure thermal decomposition rate constant could be obtained 

from the phase angle, but the experimental error is much larger than 

the small changes in phase angle calculated for factor of two changes 

in the decomposition rate constant. 

5. Summa~£ Photolysis Results 

In sun~ary of the complete body of photolysis experiments the 

conclusions reached are: 

1. The reduced quantum yields determined in this and previous 

work are not the result of rapid recombination of N02 and N03 as photo

products, but of quenching of the electronically excited N2o5 by ground 

state N2o5 and to a certain extent by buffer gases (low pressure and 

temperature static cell decays). 

2. The empiric quantum yield is also a function of secondary 

reactions involving the thermal decay of N2o5 (medium and high pressure 

static cell decays in N2 and o2 at 273 .and 295 K). 

3. The primary photoproducts include an oxygen atom and do not 

include any significant production of NO (flowing constant photolysis 

and modulation). 

Theoretical structural studies, infrared spectral analysis and 

electron diffraction studies suggest a structure for N2o5 in which the 

N atoms are bound to a central 0 atom. Production of an oxygen atom in 
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photolysis could proceed by loss of one of the outer oxygens. The 

remaining product the unsymmetrical isomer of dinitrogen tetroxide, 

N~O-N bonded, as to the usual N-N bonded isomer" This unsyrn-

metrical isomer has been observed in matrix isolation at liquid heliwn 

65 temperature but disappears on warming of the matrix to liquid nitro-

gen temperature This suggests that the 0-N central bond requires only 

a few hundred joules/mole to break, allowing formation of the thermo-

d~1amically favored syrrrrnetrical form. Thus, the ~f of N-0-N bonded 

N2o4 must be close to that of two isolated N02 molecules. 

The 254 nm radiation used in the present study provides 472 

kJ/mole of energy, of which about 303 are needed to produce two nitrogen 

dioxides and an oxyger1 atom, based on the known heats of formation of 

3 N2o5, N02 and 0( P). The 169 kJ/mole remaining falls short of the 

190 kJ/mole necessary to excite the 0 atom to its first excited singlet 

lD state, . 

vibrational 

The excess energy must go to some combination of electronic, 

and rotational excitation of N02 and to translation of the 

three products. 

The complete mechanism for the photolysis of N2o5 based on these 

results is 
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NzOs* + N205 Nzos + Nzos 

k 
+ N0

2 
+ 0(3P) Nzos* + Nzos Zb>NO 

2 

NzOs* +M N205 +M 

N
2
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~ N0
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+ N0
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2 3 /' 2 5 

m N0
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+ 0 -~.:> NO + 0
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NO + N0
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N0
2 

+ N0
2

• 

For M=D2 the reactions 

are also important. 

0 + 02 + 02 -~ 

N0
2 

+ 0
3 
-~ 
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V. STRATOSPHERIC IMPLICATIONS 

EXTRAPOLATION OF 1J-IE THERMAL DISSOCIATION RATE CONSTANT - -

At sunset in the stratosphere, practically all the NO present 

rapidly oxidzed to N02 by ozone 

(94) 

The N02 then more gradually oxidized to N03, with which it then com-

bines to fonn N 0 2 5 

N02 + 03 e > N03 + 02 
(95) 

N02 + N03 +M NzDs + M. 

In order to predict the concentration behavior of N02, N03 and N2o5 in 

the stratosphere with some sort of computer model the rate constants e, 

B and A, the thermal dissociation rate constant, must be known as func-

tions of ternperature and pressure. The value of e over a range of tern-

peratures has recently been measured by Graham, who also evaluated the 

equilibrium constant for N2o5 dissociation, Keq = A/B. From this B can 

be inferred from A. 

Tbe values for A previously compiled for the use of atmospheric 

modelers 32 include a second order limiting low pressure expression for 

which the total gas concentration consisted of equal molar amounts of NO 

and N2o5. Accounting for the difference of 2.28 7 by which N2 is a less 

effective collision partner than NO/N205, the suggested value and the 

present value (53) are in agreement. For use in atmospheric models, 
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though, the corrected form in N2 should be used. Two first order ex

pressions are also given, one at one atmosphere and one at the high 

pressure limit. Both are based on the estimated activation energy of 

Mills and Johnston. 6 11he present value is larger than.previously esti

mated and will lead to substantially smaller rate constants upon extrap-

alation to stratospheric temperatures. 

Total gas concentrations the stratosphere fall within the 

"fall-off" region of the thermal decomposition rate constant, so that 

neither the strictly second-order nor strictly first-order expressions 

are applicable. Data obtained in this region has been presented (Fig. 

24) but for ease of computation an interpolation formula is necessary. 

The simplest formula connecting the high and low pressure limits is that 

of Lindemann 

kcoko' [M] 
k "' K + K I [M] 

co 0 
(96) 

This expression does not consider the actual distribution of reacting 

molecules over many energy levels above the critical energy and over-

estimates the value of the rate constant in the fall-off region. Equa-

tion (67) was introduced to account for the spread of reacting states 

and can be used as the interpolating function in form (67a). The use of 

a constant value for J, for example the value of 6.5 determined from a 

fit to the present data, is a first order approximation, since J varies 

slowly with both gas concentration and temperature. The data are how-

ever insufficiently detailed experimentally to determine the dependences. 

Finally the inapplicability of the Arrhenius form for k
0

' and kco 
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over wide ranges of temperature has been discussed. The next most sim~ 

ple form~ in which the activation energy is considered temperature in-

but a in the preexponential terms, has 

been applied to k
0
', the result given in Eq. (80), 32 

profiles of rate constant A, calculated using standard temperature 

and gas dens , from Eq. (53) or (80), (61), and (67). Also 

the extrapolated curve of Viggiano, et aL 11 The Y1 form pre~ 

values 10 to 20% smaller than the strict Arrhenius form throughout 

the Stratosphere, cfl1is difference is Within the Other probable errors 

li1 extrapolation. 

1r1e qualitative time behavior of N02, N03 and N2o5 can be under

stood by considering the pertinent rate equations. Making the steady 

state assumption for [N03], the rate expression for [N02] is 

(97) 

ozone concentration is more than a thousand times larger than that 

of N02 and can be considered constant, so that N02 will decrease expo

nentially with a time constant of (2e [03)) ~ 1, which is on the order of 

16 hours. 

Assuming again the [N03] steady state, the integrated rate expres

sion for [N2o5] is 

(98) 

The N2o5 is depleted during the day by photolysis to a value [N2o5]
0 

at 

sunset. N02 ru1d 03 are both present in larger concentrations and are 



-

127 

0 

rrhenius 

Viggiano~ et II 

XBL 794-9336 

Figure 32. Thermal decomposition rate constants in the 
stratosphere. 
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approximation. The N2o5 then builds up linearly 

from its stmset value, 

state concentration given by 

e[0
3

] [N
2
o

5
] 

[NO ] "" + K 3 ss B [Mf eq LNOZl ' (99) 

sunset, when the ratio of N2o5 to N02 is small, the N03 

controlled by the first term in (99). It predicted to 

be a constant independent of the N02 concentration and inversely depen-

dent on the value B, the recombination rate of N02 and N03. The pre-· 

vious values B, based on the previously estimated Arrhenius par~neters 

for the thermal decomposition of N2o5, were much larger than those pre-

dieted the present measurements, resulting in lower estimates of N03 

stratospheric abundance. As the night progresses the second term in (99) 

becomes larger as N02 converted to N2o5, and the steady state concen-

tration The time constant for approach to chemical steady 

state from the ime N03 levels, depleted by photolytic decomposition, 

is related to (B[N02] [M])- 1, so that smaller values of B slow down the 

increase the steady state N03 concentration as the 

N03 formed from the oxidation of N02 piles up. The time constant for the 

approach to equilibriurn is short in the lower and middle stratosphere, 

less than an hour, validating the use of the steady state assumption in 

the discussion N02 and N2o5 behaviors. In upper stratosphere, 

above 40 km, [N02] and [M] are both decreasing, so that the N03 builds 

up to a higher concentration more slowly, 
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STRATOSPHERE MODEL 

A one-dimensional atmospheric model, which uses the Gear method 

to evaluate the coupled differential equations representing the rates of 

the various chemical reactions in the stratosphere, has been modified 

by a coworker, Susan Solomon, to include the additional NOx chemistry 

involved with N0 3 and N2o5. The Gear method 9 with its variable integrat~· 

step ze, particularly suited to the fast time scale chemistry 

which takes place around discontinuities in the stratosphere, such as 

sunset. The model uses standard temperature, density and ozone profiles 

representative of the mid-latitude atmosphere in the spring or falL 

Since the atmosphere is well mixed longitudinally, the "one dimension'' 

in the model is altitude. Vertical mixing in the stratosphere is treated 

with a vertical eddy diffusion coefficient model. 

The N02 distribution and the starting points for the N03 and N2o5 

distributions are obtained by running the model in its standard mode, with 

a constant average illmnination for many years of model time. The sunset 

distributions of the three species are obtained from several cycles of 

diurnal variation, effectively turning the sun on and off for twelve 

hour periods until the same distributions are produced at sequential sun-

sets, 

Finally, the effects on the nocturnal distributions of N02, N03 

ar1d N2o5 of changes in the rate constants A and B were studied with single 

twelve hour nighttime simulations. Figure 33 shows the vertical profiles 

of the time constant of the N03/N205 chemistry and of [N02] at 1800 hours 

(sunset). It is evident that in the region of the N0 7 maximum, around 
;. 
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Figure 33, N03/N2o5 time constant and N02 vertical profile 
at sunset. 
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30 km, the chemistry is most rapid. The total column abundance of N02 
above 15 km, shown in Fig. 34, decreases exponentially with a time con-

stant longer than the twelve hours of darkness, as expected, The 

havior is similar for both the Arrhenius extrapolations of A and the ~ 

form. The decreased total column in the second case is a result of 1n-

creased early evening conversion to N03 and N3o5, shown in Fig. 35. This 

arises from the 20-30% smaller rate constant B predicted by this form. 

Figure 35 also indicates the expected linear increase in the N2o5 
total column abundance above 15 km. The N03 column exhibits a rapid 

buildup in the first hour after sunset from its photolytically depleted 

daytime value, followed by a gradual increase resulting from the buildup 

of N2o5. The concentration behavior as a function of time and altitude 

of both N03 and NzDs is shown in detail in Fig. 36. N2o5 increases 

gradually at all altitudes. The risetime for N03 is directly related to 

the time constants shown in Fig. 33, being most rapid in the 25-30 km 

region. The gradual increase in the N03 total column during the night 

is mostly attributable to higher concentrations in the upper stratosphere, 

above the N02 maximum, where the higher temperature favors the product 

side of the N2o5 therrnal dissociation equilibrium. 

The calculation can to some extent be tested by constraints based 

upon observations of the stratosphere. The predicted N2o5 concentrations, 
7 -3 about 3 x 10 molecules em at 25 km at sunset, are smaller than the 

66 upper limits on N2o5 concentration reported by King, et al., and by 

. 67 68 R1dley, et al. Evans, et al. report a predawn observation of the 8.1 

~ absorption of N2o5 which shows a mixing ratio of 3 ppbV above 30 km, 

or about 1.2 x 109 molecules/cm3 which in excellent agreement with the 
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Figure 35, Total column abundances of N03 and N2o5 . 
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model prediction of a concentration maximum at 30 km of 1.0 x 10 9 

3 12 molecules/em before sunrise. Noxon has employed the moon as a source 

for his visible absorption technique to monitor total column abundances of 

N02 and N03 during the night. Three observations of N03 were made over a 

three night span in April at mid-latitude. The three observations, one 

made 40 minutes after sunset and the other two toward the end of the 

night, all implied a total column abundance of 1. 0 ± 0. 2 x1o14 molecules 

-2 
em If the three observations are considered typical of a single night, 

the N03 column increase from shortly after sunset to the end of the night 

is less than 30%, somewhat smaller than the model result of about 35%. 

In add1tion the total column abundance, which Noxon suggests is entirely 

in the stratosphere and centered at 40 km, is about 40% larger than model 

predictions. Agreement in the total column amount can be forced by fur

ther reduction of the foward and reverse rate constants in the N2o5 equi

librium, as Noxon showed, or by a reduction in temperature from the stan-

dard atmosphere values. The N02 total column, observed simultaneously, 

was about four times higher than normal during the N0 3 observations, which 

would contribute to a shortened initial risetime for N03, but the 35% in

crease in N03 column calculated by the model is fairly independent of the 

N02 column and would still fall outside Noxon's limit of 30% on the night 

time change in N03. 

In view of the large experimental error in the N03 observation 

and the uncertainty the actual ozone and temperature profiles perti-

nent to the time of the observation, the model cannot really be consid

ered to be in disagreement with these preliminary stratospheric monitor

ing results. Despite further attempts,Noxon69 has been unable to 
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ion of N03 in the night sky, with a lower detect-

of 1 x 10
14 molecules on-

2
. This perhaps highlights 

the nature at the time the obseJvat ions 

and model predktions of a typical N03 colunm of 

7-8 X 10 cm- 2 at the end of night. 

IN THE STRATOSPHERE 

in the stratosphere are so low that.the addi-

t reactions complicate laboratory scale photolyses are negli-

previous suggestion to modelers was to use Murphy's quantum 

of 0.6 low pressures of nitrogen, divided by two to 

account destrt~tion of an additional N2o5 molecule by the oxygen 

atom produced in the laboratory experiment. The present work shows that 

the quantum yield is also sensitive to the N2o5 concentration, but at 

the stratospheric density of N2o5, the chances of a photoexcited NzOs 

molecule colliding with a ground state N2o5 are nil. The quantum yield 

controlled by foreign gas quenching, primarily by nitrogen. From the 

collision photodecorr~osition constant and the estimate made for the 

constant in , rV.B.Z, the quantum yield 

photolys can be calculated as a function of altitude. The result, 

shows that quantum yield essentially one in the region 

The previous suggested value 1n-

by broken line. 

Although the thermal decomposition and recombination rates con-

trol the night time behavior of N03 and N2o5, photodecomposition of both 

of these species is overwhelmingly important during the day. The work of 
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Figure 37. Photolytic quantum yield of N2o5 in the 
stratosphere. 
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Holmes and Daniels and of Murphy shows no indication of wavelength depen~ 

dence of the quantum yield to 280 nm. If the quantum yield;" detennined 

the are applicable throughout the continuous 

ultraviolet absorption of N2o5, "j" values, the wavelength integrated 

product of cross section, intensity and quantum yield, can be determined 

as a function of from the incident solar intensity and the dis-

tribut 

model 

importax1t UV absorbers, mostly o2 and Oy The stratospheric 

been used to generate tJle noontime mid~ latitude spring/ fall J 

values shown in Fig. 38. These first order photolytic constants are 

larger throughout the stratosphere than the first order thennal decompo-

sition constants of Fig. 32. 

A significm1t portion of the active absorption of light comes 

from the longer wavelengths, A. > 300 nm, for which the intensity is larg~ 

er. Absorption cross section measurements are difficult in this region, 

because of the small cross section and overlapping absorptions of other 

in laboratory experiments, The cross sections re~ 

ported by Jones ;:md Wulf have been used in the j value calculation for 

region, but the results of Graham and of Daubendiek m1d Calvert 

b1dicate that the cross sections nilly be up to 40% larger at 300 nm. 37 

Ridley, et a167 have observed the diurnal behavior of NO using a 

chemiluminescent detection techniques and have related its gradual growth 

during the to photolysis of N2o5. In doing so, they concluded 

the cross sections of Jones an.d Wulf, a quantum yield much 

larger thm1 0.3 and perhaps larger than 1.0 was necessary to e:iplain 

their observations. The present work shows that the larger quantum 
"' 
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Figure 38. Photolytic and thermal decomposition rate constants 
in the stratosphere. 
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yield expected under stratospheric conclusions. The remaining dis-

crepancy within the uncertainties of the cross sectional values. 
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APPENDIX A: MULTIPARAMETER NON-LINEAR LEAST SQUARES FITTING PROffiAM 

The following FORTRAN program was used to fit the thermal dis

sociation data to the parameterized form prescribed in the subroutine 

FUNCTN, Given a starting point close to the minimum of the variance 

on the hypersurface of the fitting parameters, seeks the minimum to 

within some error tolerance by incrementing the fitting parameters and 

numerically differentiating the variance, The program was run on PDP 

11/10 computer. 
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100 FLlhM,;1 <12! 
READ<1ol0l) <Xlil),YJ !lloi=l•NPTSl 

l J l F CJF,M(> I (DE 1 0. 4) 
TYF'[ 20(• 

~,,,.,_, FOI\MHt \' INI''UT STM(TISHJF' ~·OIIH'i icOR F'IT. NTFRi1;), MUitE, 1 
READ <5·300l M9oN9,NTERMSvMOD~.l 

3 C C F 0 F; M ,':, 1 ( 4 I 2 , F ~j , 1 ) 
W F\ I T E < 5 , 3 0 1 ) r1 r,· , N 9 , NT 1: R r1 ~; , r1 0 I1 E , 1 

J' ' 1 fC CJ ;:; i1 ,; r ( I • 1 X ' 4 ( I 2 • ~~ X ) • r: '.'! • 1 ) 
131 c9, 44[-6)ft(l[\f'l .. -'16a0 1 I! 

JYFI: 400 
4<~0 ;·DI~M··<T<' INf''UI lN.lfU1L F'AF\AMETi=J\ CJUt:S:iES, THEN INChFi1li'i1 \!.C,LUcC:~i' l 

REMt \5, '2,00 ', '· ,;, .. '), J~l • NTERMS), ([tEL TAA' I\!, 1,~1, NTERM~i l 
500 FDRMAr <UE10.4l 

NFTS~N9·-M9+1 

uo 1 I= 1 , w· r ~; 
WE[GHf( )=f1.;Y\(I~M9-1;, 

~· ll;t';e'>i \I)" 1. (' 
' ( I ) =X 1 < l + M' .. - J l 
r t i. ,1 _;_· ·r l ' 1· t t1·T' - L 
l~,r\ _L n:: ~~) 9 '}1)1) > , :t: 1· 1 ,I~ ·r; < ~ .' ~ r _::.149, j-.,~9 1 

';) 1,:! I ~ CJ h h !~I ·r ( j )( V [ l ('; ~ 4 r J /.. 1 ~~ : 0 ~ 4 ,\ 

NFREE~NPTS-NTERMS 

[t U 2 I ~ l , N F f ') 
'iF~ 1 : .\ l = HJCJ C f ;, I J , I , A , l I 
( t],.lf J N\i[ 

i•. of-'[H 1 ;)[ll ") 

~R[l[ '9·6001 il•l=I•NlER0SI•NrFRMS~l 

t •; () FCI F\ M {., l ( I I i .1 X , 7 H C H J "il h <'X d C• I ::; X , ::' H A .I l ' 4 ~ I I 
w t ·. 1 n: ( 9 , ·} fJ o ) h: F ( A , J , OJ J::: 1 v NT t:r, M ~; ) r B 1 

;I C· I) F ' Jfd~ ,, T ( / / rl 1 ( E 1 0 • 4 ' ::'X ; ) 
.~ F L A h ft (, ~ 0 , C 0 1 

U<LL ("IIR'FI.T 
~RJTE '~•700l CHlSQR,(AIJ•oJ=loNTEhMSl 
,,jf'.lYT (9o80\)l <SIGMAA(J,.J=1rNTERM;3) 

t::oo FCtRMAT CL'XdO<El0.4•::'X:l) 
LIIJ l iJ "' 1, NTEF\MS 

I 0 II ( ,o, ( I, ) , :_ [ , [: [ L T A,<, ( I\ I ) Lt [ L T A A i I' ) = [IE: l. f !'~e~ I \'- ', ; 1 0 • \:1 ,;, 
[F \ (R-CHlSQRIICHISQRI-l.E-31 5·5•4 

·I f; oC!Il Ell I\ 
(.'\)~:, t:Yn r~-, ?-
l) () :_;; ~~. 

()>) '.·1 
,,. CUU I I NUL 

Wf,ITE(?,i:l50• 
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F'AGE OO;:> 

Ov55 850 FORMATI/o16H TEMPERATUREC~l=oF5.1l 
0056 WRITEI9o901l IXClloYIIlvYFIT<Iloi=lvNPTS> 
0057 901 FORMATC//v50CE10.4o3XoE10.4o3XoE10.4o/)) 
()058 

FORlRAN 1VV01C-03A 

VOOJ 
•:I C02 
ooo:1 
0004 
()J()"j 

~:~o0t. 

CC•Pt: 
i.)Q()IJ 

oc (() 
\)0 11 

FUNCTION FUNCTN(Q,L,VoEl 
IMPLICIT DOUBLE PRECISION CA-HoO-Zl 
DlMENSIDN QI100!,VC10l 
Xl =ll< U 
Z=4*VC11*\V(21*X1l*<5,5l 
u· CZ.LE.Ol z,~o. 

Z=DSQRTICVI1l+VI2l*Xll**2+Zl 
F IJ N C TN"' ( - V ( 1 l - \) ( 2 ) *X 1+ Z l I ( 2* ( 5 • 5 l l 
r'E TLJF\N 
ENLi 

F'AGE 001 
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FORTRAN 1VVO\C-03A F'AGE 001 

0001 
000 
0003 
0<)04 
0005 

t/006 
oou;· 

c 
c 

()(hlfi :l t 
0\)(\ 9 
()()[() 1:1 

00'. 1 

DOCUMENTAIION ON PAGE 237 ' BEVINGTON:DATA REDUCTION AND ERROR 
ANALYSIS FOR fHE PH~SICAL SCIENCES 
SUBROUTINE CURFIT 
IMPLICIT DOUBLE PRECISION !A-H,O-Zl 
COMMON SlGMAA(l()l,CHISQR,FLAMDA 
CtlMMDN!DllcF; A(10),!1ELf(IA(l();,XIl()Ol,[IERI'J(1()),J,NJ'lo<:;:MS 
CUM M 0 N I C! 11 I Y I 1 0 0 i , SIGMA Y ( 1 0 1! l , Y!' IT ( 1 0 0 l ' N ~· r S , NFF: E E , 

CMODE,WEIGHT(l00l 
COMMON/MATRIX/ARRA~!10,10l 

DIMENSION ALPHA 1 10vl0'vBETAI101vBC10l 
NFRFE = NPTS - NTERMS 
IF INFREEl 13ol3v~O 

CHlSCm·~o. 

(31] TU 110 
r: [IJAUh'lfF WEI(;fHS 

•)UL 
,·)\): 3 
0014 
0') i. ~> 
I){} 1.6 
0017 
OC• 1 S 
()0 1 7' 
()\);'() 

•)0::' 1 

_3 
00::'4 
00~1 5 

::09 
30 

61 

t: 
<l026 .\1 

()(\_:·c; JA 
'!l) j 4 l 
( )< ~ ! -~ 

~>03 :_) 
-~\ () :) ·: 
('1t):!4 

!') (~· ~·- ·: 4 
<;.G:z.~ s~·, 

(}(JJ I' 51 
~; () l·::. 
003"' •:;; 

c 
(J(.4() b! 

•10 4 :; 
()<.~43 73 
()fH\4 /4 

t1C1 30 [ocJ.,Nf'TS 
IF < M Uit E:l ::' ;~ , ~ 7 , :' 9 
IF (Yilll 25v27o:? 
W[IGHllll'~ 1./Y\Il 
Gtl TtJ 30 
WliGHTI!l = 1. I (-YIIII 
t;tl TO 30 
WEIGHT1I>·~1. 

GO TO 30 
WEIGHT!Il=l,/SIGMAYCI>**~ 

CONTINUE 
DO 62 [o=loNPTS 
YFil IIl=FUNCTNIXv!vAvf) 
CONTINUE: 
E 1JALt.Jr~·rE Al_~·H,~ AN!:1 BETA MA·1-~ICES 

00 34 J=l• NlERMS 
E<F::Tr,,Jl=O, 
[.ILi 34 ;,-, 1 • J 
A L 1: 11 ,~, < J , ~' I ., C • 
LIU 50 l=l• NF·fS 
C;~<LL FU[f~l',)( I I 
fiD 46 Jo=l vNH:hM~; 
BE: fA 1 J I= E<E l A< J l+ C WE I Gi-<T (I I* I Y (I I- Y !OJ T I I) l l :« f•ER IV i J l 

A!_F'H(l ( .J ~I,) .:::t':'JLI~'Hr\ \ J 11'\ J+ ( WEIC~HT (I) *L~~=:F\IV ( , __ :' 1 4:l'Ef'l 1v' 1 1'·. 

CUNllNUE 
[10 ~:.3 J= J • NTI:I'<MS 
LIU :'<1 ~."' 1 'J 
ALF'HfltJ·,,J)~ AlYHA<J•Kl 
E'J?,l..I.JAll CHI SOUAI't: AT STARTING F'OINT 
CHISUJ "' FCHISll'.S> 
INVERT MODIFIED CURV(ITU~E MATRIX TO FIN0 NEW ;ARAMElE~S 
DU 74 J~t• NTERMS 
DU 73 1\=1• NTERMS 
ARI~A f i ,I, K l " AL~'HA ( J, I\ l /IISQR T I ALF'Hi~ ( .J, .J) ) /l!:·;,JRT i ALF H,~ \ K ,J,)) 

ARI·<~Y\J,,J) J.t FL.AM[IA 
~J f.;(. [(,L\. Mr'.'Tl.t>J 1 .'(rf'Fi'<l~~.,fiE!\ 

1; 1J46 f..:! [lU t:~~ .J-::: ~ v t'J f!;:_((f"'~~ 

0~47 D\~) A~~· 

FORr~~~·l ] 1~ 11}()1[-03,~ 



(.;V4tl 
0049 
0050 84 

c 
0051 91 
()05:: 
0053 9:2 
0054 93 
0055 
oo::.,<, c; :~1 
no:~ 7 

c 
;_)1)'.'.:3 l () 1 
o·>s? 
~) (' b (1 

00t:l ~. 0 3 
t._) ,-~.~. :) 

•lOt<' -~ 10 
OOt:;~ 
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F'AGE 002 

DO 84 1\":i, NTERMS 
BJcc(BETA<Kl/DSCiRT(ALhiA(J,J)) l*<ARRAY<J,J\)/fiSQfn<ALF'HA<I,,I\))) 
B < J l "£< ( .1 >+ B-l 
IF CHI SQUARE INCREASED, INCREASE FLAMDA AND TRY AGAlN 
DO 9:C. 1~1, NF'TS 
YFlT(J,~FUNCTN<X,l,BvT) 

CONTINUE 
CHISC<F\"FCHISO < S) 
IF <CHISQl-CHISQRJ 95v101•101 
FLAMDA= 10.* FLAMDA 
GO TO 71 
EVALUATE PARAMETERS AND UNCERTAINTIES 
DO 103 J~l, NTERMS 
A< .J) "fi (,)I 
SJGMAAIJ)=DSQRT<DABS<ARRAY(J,.J)/ALPHA(Jo.J 1 ll 
CONTINUE 
Fl AMDA= FLAMDA/10, 
RI::TLJRN 
LN\: 

~OR1RAN IVV01C-03A F'AGE 001 

r)Q() ., 
() ~) (' :2 
<> ;) ~~· -·~. 

., "•4 

,. 
" 

()•)·,•.· 

f)'>~' .' 

•)\." 
()(,\(_' .:.,· 

()\) 1 () 

C(· J 1 
(1'' 1 

., 
'" 

001 ·.r. 

c 
c 

I, 
:-~ 1, .I 

•, j 

c 
j 1 
-~ :.) 
40 

~OCUMENTATION ON P~GE 194 OF BEVINGTON:'DATA REDUCTION AND ~RRJR 
ANALYSIS FO~ THE PHYSICAL SCIENCES 
FUNCTION FCHISQ(S) 
lMPLlClT DOUBLE PRECISION <A-H•O-Zl 
CC'f"M.)N.'CHll Y ( 1 0<) i, ~:IGM?lY ( 1,.1 •) l, YFIT ( 100' '~Jf'TS •NFREE' 

r:MUU>.:., WEH;H r ( lO•l) 
C>~ [ ~)(J "' 0. DO 
tF CN~REE) 13,13r~O 

FCciiSCl~O, 

CU TC' 40 

ACCUMULATE CHI SQUARE 
l'D :SO I"'iol'f lS 
CH.:S:J '~ CHISO + WEIGHI<Il>l<iCY<I>-Yr:Jl\[)l)i<:ii:C 
!:III.' HIE E<Y H:E NUMBER OF fiEGf.-EES IJF FF\EENlM 
FT:EE = NFREE 
FCHI5G = CHISQ /FREf 
REHJFN 



c 
0001 
1)00:' 
1)00:l 
(>004 J1 
0005 
()006 
0007 
0(h)8 
OOOS' 
() :>1 () 
\)() 1 ; l t~ 
O()L' 

<JCi~.\ 
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F'AG[ 001 

SUBROUTINE FDERfV CNON ANALYTICAL! 
SUBROUTINE FDERIVtll 
lMPLICif DOUBLE PRECISION (A-HoO-Zl 
COMMON/DIFF!AC101oDEllAAC10),X(100lvDERIVC10JvlrNIERMS 
fi() 18 J"l•NTERME 
I'U"AtJ) 
IIU_ TA~DELTAA ( J l 
A ( J l '"•'U+DEL_ TA 
Y F 1 T 1 = Fll N C TN , X , l , A , l) 

A <Jl"'AJ-liELTA 
DERIVCJl~ <YFill-FUNCTN(X,IoA•Tl l/C2.*DELTAI 
AtJ)cAJ 
R[fURN 
E~HI 
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FORTRAN IVVOJC-OJA PAGE 001 

C SUBROUTINE f'1t'1riNV 
c 
C F'lJi(F'OSfC:! INVEKT A SYMMEmXC MATI~IX AND C,~\LUJL,YlT ITS UErn:MltJ,0·.Ni 
C USAGE : CALL MATINV\ NORDERv DEll 
C DESCRIPTION OF P~RAMETERS: 

C ARRAY INPUT MATRIX WHICH IS REPL.ACEU PY [fS INVERSE 
C NORDER - DEGREE OF MATRIX 
C DET - DETERMINANT OF INPUT MAIRIK 
C NO SUBROUTINES OR FUNCllONS REQUIRED 
C DIMENSION STATEMENT VALID FOR NORDER UP TO 10 

()()() 1 
\)00 .~ 
\)OO:l 
r.}i~)()i':l 

c 

c)O(>:' l (1 

00:)0 11 
L 

')()•) I 

t)O(J8 ~:1. 

<l0!)9 
0010 2,?; 
0011 ::'4 
0012 
GO.l:\ 

4 3C 
l 

001'5 31 
00 .l6 3:: 
')() j . ., 

•-) 1)1"3 41 

·!·:·:~'.! ~~~·C· 
(j(J~'4 ~ 1 

!)0 ... .":9 Q,,' 

c 
c 

(,i('](l t.1 
oo:•.:: 
-~c::;:' t.3 
0 0 .... ~ ~~ 
()1;34 )' 1 

<~' 1) 3 ~.) 
{)1,·~.(. 

/' 7 4 

:iiJI:I~:JU f I rJE: MA IT NV i NDF:DEfl, DET) 
li1I'UC !T (tLllJbl.E I''I'IECISIDN <A-H•l)-Zl 
CO~MO~/MATRIX/ARRAYC10v10l 

DII1LN~;lCHJ li\110), .JH10l 
ltl' T'~ 1, 
VU 100 K=lv NORDER 
FIND LARGEST ELEMENl ARRAY(I,Jl IN MATRIX 
t'IM>< !(ceO. 

DO 30 I=K• NORDER 
[tl) 30 .J"'I\, NOI~DI'.R 

ll'i[I,:,EISit'IMAXl- [IAf<S(r'\Rf(AY(I,J))) 24, ;:::4, ]!) 

At1r~X,~AFif\~,y (I' .J) 
II\!Kl'"I 
Jl\ I I\) "'J 
COiHlNUE 
INTERCHANGE ROWS AND COLUMNS TO PUT AMAX IN ARRAYCKvKl 
IF <AMAXI 41• 32• 41 
DETooO, 
GC TO 140 
I:= l ~\ ( h ) 
JF d-1< 21• ~51' 4:0 
Lilt ~5rl J"' l, NOI~DE:F: 

~3,:wc ~r,;~r~,····r 1 K' J; 
Al··f"<'(' 1--., J) "~•hi·\AY ( l 'J) 
~AiF~F:A ( ( [ ~ J) =-S~~\)[ 
J = Jl\ ',,) 
I F ' J - t, ) ~ 1 , 6 1 , 5 :3 
[10 60 I" 1 , NCH!LrER 
s.~.,')E "'~l;·fiA'I i 1 , 1'\ ~ 

ARRAYilvKl ARRAY(l,Jl 
ARRAYilo.Jl =-SAVE 

ACCUMULATE ELEMENTS OF INVERSE MA1RIX 
DO 7U 1=1, NORDER 
II' CI-t-.l 63• 70• 6:~ 
ARRAYCI,Kl z -ARRAY(lvKl/AMAX 
C:ONIItWE 
DO 80 1=1, NORDER 
DO 80 J=l• NORDER 
F'. ii-·C-1 74, eo. ?4 
1 r: ( ,J-1\ > 75" 80 ~ ]~j 

()v E~ 7~~ A1:~1··~4 (l,JJ=ARI~AY(J,J)·~ ARRAY(.[w~J*~kl~~·ii~vJ> 

rJo '· eo C'JNr r'uE 
FD lPAN IVV01C:-0 A 



OV4~' t!3 
0043 YO 
(:<)44 
\) (H)~:. 

' 
1.~ 

004t 101 
U04 ,. 

(I\).~ 

~ C<:C 
tj( :.;·i 
(: ~) ~j -~ 

~) ~) :-} .?, 
l, ... c~:: ·t 
\ \.;;~_::_::; 

J o·; 

1 i '' 

I)' I~-· 1 J 
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flU c;o .Jd, NUfdiER 
tF (.J-·1\) HJv 90v H3 
ARRAY(~,J) ~RRAY(K,Jl /AMAX 
CUNllNIJ[ 
,;Fii~I\Y I.),, I\) 

L•F 1 '" Life\* 
l , [I() I (\Mt~X 

< Ar:.;x' 

~L310Rl URLi[RlNG UF MAfRlX 
[IU 130 L c 1, NUI~ULF< 

K cNi)r~DEF<-L+ l 
. i ' [I\ (I\ ) 

l 1· , .. ! ·I\ ) 1 1 j , 1 11 • 1 0 !', 
1111 l J 0 J: =1, Nl)fdlf.:R 
SAVE= ARRAY(l,~l 
t1FiF<f:lf i I .1,)" -Af(liAY <I, .i i 
~:~~·. r,·t~·~ ( 1 u .J) :.:.:~-~~-"'~tJE. 

T •.. .JI\ \" ) 

TF ,J-~i 130o 130• 113 
l.'tJ l2() ..1•= 1, i<OI'.:UEF: 
·)tJ\ 1 E·..:,.~f.;_:i··:l"l ( ( .\1 J J 
~~~r\!,tiY < 1· v .J) -r~r~·r...:t~·T ( J ~ .J J 

t:h':.,·,.:l ( ( [ y J ·, ·~ :;,;!)[ 

r m.' r a: II[ 
R:=: 1 Uf;;~ 
CI..;J... 

f'AGE 00:.• 
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APPENDIX B: COMPLETE REACTION SET FOR PHOTOCHEMICAL MODELING 

The following is a list of chemical reactions and tate con-

stants used in modeling the photochemistry experiments. The units of 

the rate constar1ts are 3 X -1 ; where x = 0 for uni-(em /molecule) . sec 

molecular reactions, x = 1 for bimolecular reactions and x = 2 for 

termolecular reaction, Activation energies are in K. 

oeff(cm2) 
~---

L N2os + hv Products 2.8E-19 

2. N204 + hv "' N02 + N02 8. OE-19 0.2 

3. N02 + hv = NO + 0 3.0E-20 1.0 

4. 03 + hv = 02 + 0 2.0E-17 1.0 

5. HN03 + hv :::: HO + N02 1.94E-20 1.0 

6. N03 + hv = N02 + 0 L OE-20 1.0 

A E a 
·~-

7. N02 + N03 + M = N205 + M 

8. N205+ M N02 + N03 + M 

9. N02 + N02 
+ M = N204 + M 4.70E-35 -860 

10. N204+ M = N02 + N02 
+M 4.20E-7 5550 

11. NO + N0 3 N02 
+ N02 1.87E-11 

12. N02 + N03 N02 + NO + 02 2.50E-14 1230 

13. N0 3 + N0 3 N02 + N02 + 02 8.50E-13 2450 

14. 0 + 02 + M 03 + M 1.10E- 34 -510 

15. 0 + NO 2 + M N03 
+ M 1. OE-31 

16. 0 + N02 = NO + 02 9.1E-12 

17. 0 + N03 NO 2 
+ 0 

2 l.OE-11 

18. 0'7 + NO 02 + N02 9.0E-13 1200 
.) 

19. 03 + N02 = 02 + N03 1. 34E-13 2466 

20. 0'7 + 0 = 02 + 02 L 90E-ll 2300 
,) 

21. HO + FIN03 H2o + N03 1. 30E-13 

22. HO + N02 + M = HN03 + M 3.6E-32 -1100 
23. HO + 03 = H02 + 02 L 6E-12 1000 
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